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m Abstract Since the first radio astronomy observations in the 1930s, the angular
resolution of radio telescopes has improved from tens of degrees to better than one
thousandth of a second of arc. This advancement has been the result of technological
innovations such as stable, sensitive, short-wavelength radio receivers, digital corre-
lators, atomic clocks, and high-speed tape recorders, as well as the development of
sophisticated image processing algorithms implemented on inexpensive, fast, digital
computers.

1. INTRODUCTION

When Karl Jansky (1933) made his pioneering observations of cosmic radio emis-
sion at 15 m wavelength (20.5 MHz), he used a simple Bruce-type antenna array
(Oswald 1930) about 30 m, or two wavelengths, in extent. The angular resolution
was only about 3Q primitive by modern standards. Like all diffraction-limited
astronomical instruments, the resolution of radio telescopes depends on the size
of the instrument in wavelengths. Because radio waves are sohte 10 times

longer than light waves, for many years it was thought that the resolution of radio
telescopes would always be poorer than that of optical telescopes. This has turned
out not to be true, and high-resolution techniques have developed much more
rapidly at radio than at optical wavelengths. This is primarily due to the atmosphere
and the long wavelengths used by radio astronomers. At optical wavelengths the
natural seeing is due to temperature and density fluctuations in the dry air, whereas

Annu. Rev. Astro. Astrophys. 2001.39:457-509. Downloaded from arjournals.annualreviews.org
by University of Arizona Library on 08/18/10. For personal use only.

*The US Government has the right to retain a nonexclusive, royalty-free license in and to
any copyright covering this paper.

457



Annu. Rev. Astro. Astrophys. 2001.39:457-509. Downloaded from arjournals.annualreviews.org
by University of Arizona Library on 08/18/10. For personal use only.

458

KELLERMANN = MORAN

at radio wavelengths it is due mostly to fluctuations in water vapor along the line
of sight.

By coincidence, the natural seeing is roughly 1 arcsec at good sites for both
optical and radio observations. However, at optical wavelengt@s5(;1m) the
distance along the incident wavefront over which the phase structure function (the
variance of the difference of the phases at two points along the wavefront) equals
1 radian, is about 3 cm, whereas at radio wavelengtis¢m) it is about 600 m.

For a typical wind speed of 10 m/s, the time scales of the resulting fluctuations
are about 3 ms and 60 s at optical and radio wavelengths, respectively. Hence, at
radio wavelengths the time scales are more convenient for implementing data pro-
cessing algorithms. In addition, the longer wavelength used by radio astronomers
greatly reduces the mechanical tolerances on antennas and other equipment. The
result has been the development at radio wavelengths of larger and larger in-
struments that have achieved diffraction-limited imaging capability better than
0.001 arcsec.

In this review we concentrate on the historical development of high-resolution
radio imaging. More-detailed technical accounts are given in earlier articles in
this series by Christiansen (1963) on the construction of large steerable dishes, by
Swenson (1969) and Bracewell (1979a) on the principles of aperture synthesis,
by Cohen (1969) on the techniques of high-resolution imaging, and by Pearson &
Readhead (1984) on techniques of image restoration based on phase closure and
self-calibration. Personal accounts of some of the events described here are given by
Bolton (1982, 1990), Hanbury Brown (1983, 1991), Broten (1988), Kellermann &
Cohen (1988), Kellermann (1992), Heeschen (1981, 1991), Hey (1973), Moran
(1998a), and Cohen (2000) and in the collections edited by Kellermann & Sheets
(1983) and Sullivan (1984). An excellent historical account of the development of
high-resolution radio astronomy techniques in Australia can be found in Haynes
et al. (1996). We have drawn on all of these works as well as others in preparing
this review.

Although Jansky’s discovery of extraterrestrial radio emission created some
immediate interest (e.g., Whipple & Greenstein 1939), the limited angular reso-
lution then possible discouraged any serious follow-up observations. Grote Reber
(1958) recognized that he could gainimproved resolution over Jansky’s pioneering
observations by working at shorter wavelengths. Using a homemade 31-ft wood-
frame, chicken-wire surface parabolic dish at 160 MHz (1.9 m), Reber (1944)
was able to map the distribution of Galactic radio emission with a resolution of
about 12 (see Sullivan 1984, p. 43), considerably better than that achieved by
Jansky. Reber was able to show not only that the radio emission was concentrated
along the plane of the Milky Way, but close inspection of his map shows the
first evidence of the discrete radio source we now associate with the supernova
remnant Cassiopeia A. Reber’s later map at 62 cm (480 MHz) with improved
resolution of about 3showed, for the first time, the strong radio galaxy Cygnus A
(Reber 1948).

From the earliest postwar years, radio astronomers have used interferometry to
improve the angular resolution over what could be obtained with more conventional
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filled-aperture instruments. However, at first, although the simple two- and three-
element interferometers gave greatly increased angular resolution, they were used
to determine only the angular sizes of a few strong radio sources. Full imaging had
to await the development of earth-rotation or aperture-synthesis techniques. Simi-
larly, the development of Very Long Baseline Interferometry (VLBI) in the 1960s
led to a large improvement in resolution, but it was the use of self-calibration tech-
nigues developed a decade later that made possible the construction of radio images
with milliarcsecond resolution (Figure 1). All along the way, filled-aperture radio
telescopes have played an important role owing to their versatility and sensitivity to
low surface brightness emission, which are completely resolved by interferometer
systems.

1.1. Filled-Aperture Radio Telescopes

After World War 11, radio astronomy groups in several countries adapted war sur-
plus German 7.5-m \WZzburg radar dishes for use in radio astronomy. Operating at
21-cm wavelength, Van de Hulst et al. (1954) obtained an angular resolution of
1.9 by 2.7. Dutch astronomers, under the leadership of Oort, built what was
then the world’s largest fully steerable radio telescope, a 25-m paraboloid located
at Dwingeloo, The Netherlands. At its shortest operating wavelength of 21 cm,
it had an angular resolution of 0.§Van de Hulst et al. 1957). The Dwingeloo
telescope was quickly surpassed in size by the much larger Jodrell Bank 250-ft
antenna (Lovell 1957), with an angular resolution of about 10 arcmin at the shortest
operating wavelength of 20 cm.

Experience has shown that the cost of large steerable radio telescopes of dia-
meterd and limiting wavelength. increases approximately a$)?-’ and as.~%/2,
Because of monetary constraints and the strength and thermal coefficients of con-
struction materials, the ratio of surface accuracy to diameter for passive structures
is limited to roughly 0.5¢ 10~ (von Hoerner 1967). The finest resolution is about
30 arcsec over a wide range of wavelengths, only slightly better than that of
the unaided human eye. Most of the filled-aperture radio telescopes are con-
ventional fully steerable paraboloids, but some, such as the Ohio State antenna
built by John Krauss (1976), the Nancay radio telescope (Blum et al. 1963), the
Arecibo 1000-ftdish (Gordon & LaLonde 1961), and the RATAN-600 (Korolkov &
Parijiskii 1979) are of novel design. The new fully steerable Green Bank Telescope
in West Virginia, which has an offset feed to minimize sidelobe responses and an
active surface to compensate for gravitational, thermal, and wind distortions, may
achieve aresolution as fine as 7 arcsec at its shortest design wavelength of 3.5 mm
(Jewell 2000).

1.2. Mills Cross—Type Radio Telescopes

Another approach to obtaining high angular resolution came from Australia, where
Bernard Mills built a two-dimensional cross array, later to be known as a Mills

Cross (Mills & Slee 1953). Each arm of the cross was 1500 feet long and produced
a fan beam in the sky. When the voltages of the two arms were multiplied a pencil
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beam was formed, but with rather high sidelobes. The beam could be steered in
the sky by adjusting the phasing of the elements in each arm. Operating at 3.5 m
(86 MHz), the resolution of the Mills Cross was abotitHollowing the success of

this design, Mills proposed a much larger version of the cross antenna. A contro-
versy developed within the CSIRO Radiophysics Laboratory over whether to build
this Mills Super-Cross, a large fully steerable dish, or a new solar radio telescope
(see Robertson 1992). Following the decision by the Radiophysics Laboratory to
build the fully steerable 210-ft Parkes Radio Telescope, Mills moved to the Univer-
sity of Sydney, where he later built a large cross antenna near Canberra (Mills et al.
1963). The Molongolo Cross, as it is known, was used at 73 cm (408 MHz) for
a survey of the Southern sky with a resolution of 2.8 arcmin. Later, the east-west
arm was splitinto 88 individual elements and used as a full earth-rotation synthesis
instrument (see Section 3) at 36-cm wavelength (843 MHz) with a resolution of
43 arcsec (Mills 1981). Other large cross-type radio telescopes were later built in
Italy, Russia, and the Ukraine.

1.3. Lunar Occultations

The idea of using observations of the occultations of stars to measure their angular
sizes and positions was first discussed by MacMahon (1909) in the context of
geometric optics. In this limit the rise time of the lunar occultation light curve is
directly related to the stellar angular diameter, and the light curve is proportional
to the integral of the one-dimensional strip integration of the stellar intensity dis-
tribution. However, this concept was criticized by Eddington (1909), who pointed
out that Fresnel diffraction would impose a finite rise time to the occultation
curve even for a point source, thus limiting the resolution obtainable to about
0.005 arcsec. However, Eddington did not realize that the effect of the diffraction
can be precisely removed so that the angular resolution is limited only by the
telescope sensitivity.

Whitford (1939) obtained the first occultation curve of a star that clearly showed
the classical Fresnel diffraction pattern of a knife edge. In 1950, Evans began along
program of measuring the separations of binary stars using this technique (Evans
et al. 1985). The earliest applications in radio astronomy were to observations of
the supernova IC443 by Elsmore & Whitfield (1955) and Rishbeth (1956), and of
the Crab Nebula by Costain et al. (1956) at a resolutierl@frcmin. The technique
was advanced by Cyril Hazard (1961, 1962), working with the Jodrell Bank 250-ft
radio telescope, and had its greatest success with the Parkes 210-ft radio telescope
when a series of occultations of 3C 273 was observed in 1962 (Hazard et al. 1963)
that led to its optical identification and the subsequent recognition of quasars as a
new constituent of the universe (Schmidt 1963).

An observation of alunar occultation gives the one-dimensional strip integration
of the intensity along the direction of the limb of the moon, convolved with the
Fresnel diffraction pattern of a point source. The critical parameter is the Fresnel
scaleg; = [1/2R]¥2, where is the wavelength and R is the earth-moon distance,
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which corresponds to 7 arcsec, 1 arcsec, and 5 mas at wavelengths of 1 m, 1 cm, and
0.5 um, respectively. For a typical angular velocity of the moon of 0.5 arcsec/sec,
the characteristic time scales are 15, 2, and 0.01 sec, respectively. Getmanzev &
Ginzburg (1950) suggested that higher angular resolution than the Fresnel scale
could be obtained, but they did not specify a method.

Scheuer (1962) first calculated the Fourier transform of the Fresnel diffraction
response to a knife edge and showed that its amplitude is the same as that of a
step function (i.e., it varies with spatial frequency u, ad)ubut its phase is a
guadratic function of u, whereas the phase of the Fourier transform of the step
function is a constant. Because a lunar occulation response is the convolution of
the one-dimensional strip-integrated intensity distribution and the diffraction re-
sponse, inthe Fourier transform domain the diffraction phenomenon can be thought
of as a filter. It passes all the Fourier components of the source distribution, al-
beit with increasing attenuation and phase distortion at large spatial frequencies.
Because all the Fourier components are present in the response, the effect of the
Fresnel filter can be removed, in principle, by invoking the usual Fourier transform
techniques. This is only slightly more complicated than the case of an occultation
described by geometric optics in which the image recovery is implemented by
simply differentiating the light curve.

Thus, the strip-intensity distribution can be restored as accurately for the diffrac-
tion case as for the case of pure geometric optics. The angular resolution obtainable
depends directly only on the sensitivity of the observations and is independent of
the wavelength or diameter of the telescope. The reason for this is that by mea-
suring the temporal occultation curve, the wavefront structure is probed over a
large dimension that is limited only by the system sensitivity. This dimension
corresponds to the size of an equivalent one-dimensional array that would have
the same resolution. Furthermore, the high-resolution information is encoded on
the diffraction pattern at the moon, so the resolution is essentially independent
of the effects of atmospheric turbulence. Scheuer (1962) and von Hoerner (1964)
calculated restoring functions that could be convolved with the data without the
use of Fourier transforms. This approach helped to quantify the limits of resolution
that could be obtained in practice. von Hoerner (1966), Cohen (1969), and Hazard
(1976) gave a complete description of the radio technique, including the effects of
bandwidth, integration time, and length of scan.

Multiple occultations of a source often occur in which the limb of the moon
traverses the source in different directions. From the projection-slice theorem of
Fourier transforms (Bracewell 2000), each occultation provides the Fourier com-
ponents along a radial line in the two-dimensional visibility plane corresponding
to the direction of the occultation. DeJong (1966), Taylor (1967), and Taylor &
DeJong (1968) made the first two-dimensional images of radio sources with this
technique by interpolating their one-dimensional Fourier transform slices onto a
two-dimensional grid. Later, Bracewell & Riddle (1967) worked out a method
to determine the two-dimensional intensity distribution directly from the occula-
tion scans without the explicit computation of Fourier transforms. This technique
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for analyzing image projections anticipated the development of computer-aided
tomography as a medical diagnostic tool (Bracewell 1979b, Medoff 1987).

The advent of large radio telescopes greatly improved the sensitivity of lunar
occultation measurements and, thus, the angular resolution. Hazard and his col-
leagues exploited the 305 m Arecibo telescope to obtain subarcsecond intensity
distributions on a number of extragalactic radio sources (e.g., Cohen & Kundu
1966, Hazard et al. 1968). In India, Govind Swarup (1971) led the construction
of the novel Ooty radio telescope, which was dedicated primarily to lunar occul-
tation measurements and made hundreds of such observations in the early 1970s
(e.g., Swarup et al. 1971).

By the 1970s, the development of direct interferometric techniques for high
angular resolution led to much better images than could be obtained with lunar
occultations. Hence, lunar occultations no longer play a significant role in radio as-
tronomy. However, they are still useful in infrared and optical astronomy (Richichi
1994, Ragland & Richichi 1999).

1.4. Ionospheric, Interplanetary, and Interstellar Scintillations

The rapid temporal fluctuations (i.e., scintillation or twinkling) of the radiation
from Cygnus A and other sources observed at decameter wavelengths were ini-
tially attributed to intrinsic variations (Hey et al. 1946). However, the comparison

of light curves at telescopes spaced by several hundred kilometers showed no cor-
relation, which led to the correct interpretation that the fluctuations are caused
by the irregular distribution of electrons in the ionosphere. Similar to the case
of twinkling of star light, the ionosphere acts as a phase changing screen, which
produces a diffraction pattern on the ground. The motion of the screen relative
to the observer causes the scintillation. However, if the source is extended the
diffraction patterns from various parts of the source overlap, and the scintilla-
tions are averaged out. Because of the dispersive character of the plasma, the
critical source size for the appearance of scintillations depends inversely on the
product of the distance to the scattering screen, the strength of the fluctuations,
and the wavelength. At a wavelength4om (74 MHz), the timescale of fluc-
tuations is about 10 sec and the critical size is about 10 arcmin. Scintillation
observations gave the first indirect limits of the angular size of Cygnus A, but

it took 4 years to understand the scintillation phenomena (Smith 1950, Little &
Lovell 1950).

Interplanetary scintillations were first detected by Margaret Clarke (1964) as
part of her PhD dissertation work to measure the position of radio sources (Hewish
et al. 1964). Interestingly, just a few years later, Jocelyn Bell (1967) discovered
pulsars while investigating interplanetary scintillations as part of her PhD work
(Hewish et al. 1967). The timescale for interplanetary scintillationdisec and
the critical size is 1 arcsec or less. Observations made at Cambridge and Arecibo
showed that many extragalactic sources contain compact components, particularly
those identified with quasars (e.g., Cohen 1969). The detection of scintillation of
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3C279 at 11 cm when it passed within a few degrees of the sun demonstrated that
it had a component smaller than 0.005 arcsec (Cohen & Gundermann 1967).

Diffractive scintillation in the interstellar medium causes fluctuations on mil-
lisecond time scales, and the critical source size is of the order of microarcseconds.
Pulsars and perhaps masers scintillate owing to this process (Scheuer 1968). The
dramatic cessation of scintillation in the radio afterglow of the gamma-ray burst
GRB 970508 a few weeks after its discovery strongly suggests that the radio
source was rapidly expanding and reached the critical size of about 3 microarcsec
at that time (Frail et al. 1997). Also, the observed intraday variability of AGN,
guasars, and masers may be due to the large-scale irregularities in the interstellar
medium that cause refractive scattering (e.g., Narayan 1992). Kedziora-Chudczer
etal. (1997) and Dennett-Thorpe & deBruyn (2000) have used intraday variability
observations to place upper limits to the angular size of several quasars of 5 and
16 u-arcsec, respectively. Although for many purposes the fluctuations in the
plasma screens along the propagation paths are a nuisance causing temporal vari-
ations and blurring of the image, they also serve a useful purpose because they
deflect the incident radiation from a wide area toward the observer. Thus, the
observer with a single telescope receives radiation from a large portion of the
phase-changing screen. The screen has the properties of an aperture and in prin-
ciple can be used to achieve extremely high resolution (Cornwell & Narayan
1993). The action of the interstellar medium has been observed in this way,
wherein two prominent patches of ionization enhancement created an interfer-
ence pattern on the earth of the pulsar PSR 1235 at 430 MHz. This result
provided an effective resolution of d-arcsec, the equivalent to a 2-element in-
terferometer with a 1-Astronomical Unit (AU) baseline (Wolszczan & Cordes
1987).

2. INTERFEROMETRY

2.1. The Sea Interferometer

During World War Il, shipboard radar operators noticed that radar echoes from air-
planes varied in amplitude because of the interference between the signal received
directly from the aircraft and that reflected from the ocean. This radio analog of
Lloyd’s mirror led to the development of the sea interferometer by Pawsey et al.
(1946) and by McCready et al. (1947), who were the first to use interferometric
observations in radio astronomy. Their sea interferometers were located on cliffs
a few hundred feet above the Pacific Ocean in Australia and had an angular reso-
lution of about 30 arcmin. The sea interferometer observations showed that the
variable component of solar radiation was too bright to be explained in terms of
a thermal emission process and that enhanced solar radiation comes from regions
associated with optically visible sunspot groups. In their classic paper, McCready
et al. commented on the Fourier transform relation between source brightness dis-
tribution and the amplitude and phase of the interferometer response. They pointed
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out that “it is possible in principle to determine the actual form of the distribution

in a complex case by Fourier synthesis,” but noted that varying the height of the
cliff interferometer “would be feasible but clumsy” (p. 368). Bracewell & Roberts
(1954) and Bracewell (1956a,b, 1958a,b) further developed the theory and showed
how the radio source brightness distribution can be reconstructed from interfero-
metric observations made at discrete spacings that depend on the size of the source
being imaged.

Later, John Bolton and Gordon Stanley (1948) used their sea interferometer
to show that the size of the radio source Cygnus A was less than 8 arcmin in
extent. Bolton (1948) then located several other discrete sources, and in a seminal
paper, Bolton et al. (1949) went on to use sea interferometers in New Zealand and
Australia to determine the position of the strong radio sources Virgo A, Centaurus
A, and Taurus A with an accuracy efl5 arcmin. This led to the identification
of Virgo A and Centaurus A with the peculiar galaxies M 87 and NGC 5128,
respectively, as well as the identification of Taurus A with the Crab Nebula, which
was already known to be the remnant of a supernova of 1054 AD. The identification
of discrete radio sources with peculiar galaxies and a supernova remnant created
great interest within the astronomy community and probably marks the birth of
modern radio astronomy. Interestingly, however, rather than using their optical
identifications to establish the extragalactic nature of the discrete radio sources,
Bolton and his colleagues were reluctant to accept the enormous radio luminosity
implied by their optical identifications and considered their work as evidence that
M 87 and NGC 5128 were galactic nebulosities.

Sea interferometers continued to be used in Australia for several years to study
the sun and catalog discrete sources of cosmic radio emission. As discussed by
Bolton & Slee (1953), in spite of the difficulties caused by the need to observe
at low elevations, the sea interferometer had certain advantages. It had twice the
sensitivity that would be obtained with two similar antennas connected as an in-
terferometer, and it did not require interconnecting cables or preamplifiers. Also,
the sharp horizon helped to discriminate between two close sources, in much the
same way as the limb of the moon was later used for occultation measurements.
As late as 1953, Bolton et al. (1954) used a sea interferometer to catalog 104
sources located betweeh50° declination. Although these pioneering observa-
tions opened up the rich field of extragalactic radio astronomy, their potential was
limited. Sea interferometer observations were, by necessity, made at low eleva-
tions, which introduced large uncertainties owing to refraction. In addition, the
observations were confined to the few minutes each day when each source rose
or set over the sea. Sea interferometers were soon superceded by interferometer
arrays.

2.2. Michelson Interferometers

In 1946, Ryle & Vonberg (1946) built a two-element radio interferometer with
a maximum spacing of about 0.5 km, in Cambridge, England, to measure the
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diameter of the sun. This was the first radio analog of the two-slit optical interfer-
ometer used by Michelson (1890, 1920) and Michelson & Pease (1921) to measure
the diameter of stars and by Anderson (1920) to determine the separation of double
stars. Ryle & Smith (1948) later constructed a radio interferometer to locate the
strong radio source Cassiopeia A to an accuracy of about 20 arcmin and place an
upper limit of 6 arcmin to its angular diameter. Ryle et al. (1950) then went on
to catalog 50 sources in the Northern sky. This was the first in a long series of
Cambridge interferometric sky surveys and was later referred to as the 1C survey.
In Australia, Mills (1952a,b) built a three-element interferometer with a maximum
baseline of about 800 m and a resolutiomaf at 3 m waelength (101 MHz).

Ryle (1952) made an important advance when he invented the phase-switched
interferometer. Previously, signals from the two antennas were added, squared,
and averaged, much as in a classical optical interferometer. In Ryle’s system a
180 phase shift was periodically introduced in one arm of the interferometer.
The resulting synchronously detected signal retained only the cross-product of the
signals from the antennas. This technique greatly improved the effective sensitivity
of interferometers. Modern interferometers use direct multiplication of the signals
but still retain phase-switching to eliminate small systematic errors.

For several decades, there was considerable interest in counting radio sources
down to very low flux density levels to investigate cosmological problems (see,
e.g., Mills 1984). These first systematic radio source surveys were not limited by
sensitivity, but rather by their insufficient angular resolution to distinguish indivi-
dual discrete sources. Surveys made with different instruments agreed well for
the stronger sources, but for the weaker sources there were large discrepancies
owing to multiple sources contained in the primary beam of the individual an-
tenna elements. This phenomenon is now catledfusion At Cambridge, Ryle
& Hewish (1955) built an array of 4 fixed elements to survey the sky, first for the
2C survey (Shakeshaft et al. 1955) at 3.7 m wavelength (81.5 MHz), and later for
the 1.9 m wavelength (159 MHz) 3C survey (Edge et al. 1959). The antennas were
combined in a variety of ways to form interferometer pairs with better angular
resolution than given by any of the individual elements. In this way the Cambridge
radio astronomers hoped to improve the accuracy of the measured source positions
and thus facilitate the identification of optical counterparts.

The 2C survey contained 1936 sources stronger than 7 janskys, or flux units, as
the unit of intensity was then called. The interference fringe spacing or effective
resolution was about 30 arcmin in right ascension ani 4° in declination. The
survey contained a surprisingly large excess of weak sources compared with what
was expected in a uniformly filled universe (Ryle & Scheuer 1955, Ryle 1956).
In a widely publicized presentation, Ryle (1958) argued that the apparent excess
of weak sources in the 2C survey required an evolutionary universe where either
the density or the luminosity of radio sources increased with increasing redshift or
decreasing cosmic time. The then-popular Steady State theory, promoted by Fred
Hoyle and others, required a uniform source density, independent of redshift, and
appeared inconsistent with the Cambridge interferometer survey.
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About the same time, in Australia, as described in a series of papers, Mills et al.
(1958, 1960, 1961) used their cross antenna to survey the sky south of declination
+20° with an angular resolution of 50 arcmin and cataloged more than 2200
sources at 3.5 m wavelength. However, comparison of the Mills Cross and 2C
catalogs showed little similarity (Mills & Slee 1957). Only the strongest sources
were found in common to the two catalogs. Moreover, in contrast to the Cambridge
surveys, the Mills Cross source count was close to that expected from a uniformly
filled universe, as predicted by the Steady State theory. This started an intense
and long-lasting debate about the relative merits of interferometers and pencil-
beam radio telescopes, which was fueled by an equally long and bitter debate
between Mills and Ryle over the correct cosmological interpretation of radio source
counts.

When Edge et al. (1959) decreased the operating wavelength of the Cambridge
interferometer to 1.8 m, thus doubling the angular resolution and decreasing the
primary beam area by a factor of 4, the new 3C survey showed that the earlier
2C survey was heavily affected by confusion from the simultaneous presence of
multiple sources in the primary antenna beam (Scheuer 1957). Most of the weaker
sources listed in the 2C catalog were either not real, were blends of two or more
weaker sources, or were displaced from their true position by one or more lobe
shifts of the interference pattern (up to 30 arcmin in right ascension ama 7
declination). The 3C survey, with its better resolution, showed a smaller excess
of weak sources than the 2C survey and better agreement with the Mills Cross
surveys. Later observations using the Parkes Radio Telescope (Milne & Scheuer
1964) showed that many of the apparently extended sources in the Mills Cross
catalogs were blends of weaker sources or were due to sidelobes of more distant
strong sources.

2.3. Radio-Linked Interferometers

In an effort to extend the angular resolution of radio interferometers beyond dis-
tances at which direct electrical connections were practical, Australian and British
radio astronomers experimented with radio links to distribute the local oscillator
phase reference and to return the Intermediate Frequency signals to a central lo-
cation for correlation. In Australia, Mills (1952c, 1953) and Goddard et al. (1960)
used a radio-linked interferometer with a spacing up to 10 kBra wawelength
(101 MHz) to determine the brightness distribution across the 4 strong sources
Virgo A, Cas A, Cen A, and Taurus A with a resolution-ef arcmin.

Jodrell Bank radio astronomers had more ambitious plans. Beginning with
a 1 km connected-element interferometer, Hanbury Brown et al. (1954) found
that many radio sources remained unresolved. In a series of experiments Morris
et al. (1957) used a radio link to join a small portable antenna working at 1.9 m
(158 MHz) at series of outstations located at successively increasing distances.
The most distant location of the portable antenna was near the Cat and the Fid-
dle Inn, 20 km (10,700) from a fixed 218 ft paraboloid. Although most sources
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appeared well resolved, 3 (3C 147, 3C 196, and 3C 295) remained unresolved
with an upper limit to their diameters of 12 arcsec. Later, Elgaroy et al. (1962) and
Allen et al. (1962) used the Jodrell Bank 250-ft antenna together with a portable
antenna over baselines extending up to 115 km (62.180d identified 5 sources
that appeared to be less thaharcsec in extent. Anderson et al. (1965) then used a
baseline of 134 km at a wavelength of 73 cm (1800Q6 resolve sources bigger
than 0.4 arcsec. Later, Jodrell Bank radio astronomers teamed up with the group at
the Malvern Royal Radar Establishment to link telescopes separated by 127 km.
Observing first at 21-cm wavelength (Adgie et al. 1965, Barber et al. 1966), and
then at 11 and 6 cm, Palmer et al. (1967) showed that some radio sources were
as small as 0.05 arcsec. The 127-km radio-linked interferometer was also used to
place upper limits on the size of hydroxyl masers and to resolve several velocity
components on a scale of 0.1-1 arcsec (Davies et al. 1967). At the same time a
13-km radio-linked interferometer between the Haystack and Agassiz radio tele-
scopes in Massachusetts was used to make the firstimage of an OH maser (Moran
etal. 1967a). The early very-productive long-baseline radio-linked interferometer
experiments in the UK, which were led by Henry Palmer, provided much of the
motivation for the later development of VLBI, as well as the foundation for the
later radio and optical observations at Caltech, Parkes, and Palomar, which con-
tributed to the identification of quasars (Schmidt 1963) and distant radio galaxies.
The success with radio-linked interferometers led Henry Palmer to develop
a dedicated multi-element radio-linked interferometer, which was originally
named the Multi-Telescope-Radio-Linked-Interferometer (MTRLI), but which
later become known as the Multi-Element-Radio-Linked-Interferometer-Network
(MERLIN) (Davies et al. 1980). With the addition of a new antenna at Cam-
bridge, the 7-element MERLIN system produces radio images with resolution up
t0 0.01 arcsec and provides an important link to the even higher resolution imaging
obtained from the European VLBI Network (see Section 4.5).

3. APERTURE SYNTHESIS

Motivated by the need to reduce the effects of confusion encountered when pushing
the radio source count to lower flux density, the Cambridge group, under Ryle’s
direction, built a new interferometer consisting of a long east-west transit array
plus a smaller, moveable element operating at 1.7 m (178 MHz). With an effective
angular resolution of 25 arcmir 35 arcmin, the 4C survey (Scott & Ryle 1961,
Pilkington & Scott 1965, Gower et al. 1967) covered most of the Northern sky
down to a flux density of 2 Jy. The 4C survey showed an even smaller excess of
weak sources than the previous 2C and 3C surveys, and, indeed, the source count
was close to that which the Australians had found previously. This technique of
synthesizing a large aperture by successively moving a portable antenna was called
aperture synthesis (Ryle & Hewish 1960, Ryle 1975, Hewish 1963). Even earlier,
Cambridge PhD student, John Blythe (1957), had demonstrated the technique of
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aperture synthesis by using an array of fixed and movable dipoles to synthesize a
2° beam at 7.9 m (38 MHz). Each day the portable element was moved to a new

location, and the rotation of the earth was used to scan the sky for 24 hours of right

ascension to cover a declination swath corresponding to the primary beam of the
antenna elements.

The next big step, in both technological progress and reliability, came from the
innovative observations by Ryle & Neville (1962), who split the 1450-ft east-west
4C antenna into 32 elements, which they pointed toward the north pole region
to observe the same region of the sky for a full 12 hours to synthesize a circular
4.5 arcmin beam. Cambridge radio astronomers referred to this technique as su-
persynthesis, whereas in Australia Christiansen called it earth-rotation synthesis.
It should be noted that étjbom (1959), as part of his PhD dissertation work, had
previously used an array of simple dipole elements to test the principle of super-
sythesis. Even earlier, O'Brien (1953) in Cambridge as well as Christiansen &
Warburton (1953, 1955) in Australia used one- and two-dimensional arrays, re-
spectively, for earth-rotation imaging of the sun. However, for these observations
the arrays were phased in real time to form fan beams. The one-dimensional slices
made at different hour angles were then Fourier transformed and used to recon-
struct the brightness distribution by a two-dimensional inverse transform. Later,
the 21-cm, 64-element grating cross antenna at Fleurs (Christiansen et al. 1957),
which was originally built for imaging the sun, was used for full Fourier synthesis
observations of the stronger extragalactic sources with a resolution of 20 arcsec
(Christiansen 1973).

Most of the early interferometer work at Cambridge focused on radio source
surveys made with transitinstruments intended to address the cosmological source
count problem rather than to image individual sources. However, some early Cam-
bridge observations used two surplus Germamfiiirg antennas as elements of
an interferometer to measure the position and size of several strong radio sources
(Smith 1951, 1952a). In France, Lequeux (1962) used a pair of 7.5-m dishes that
were moved along a 1.5-km track to study the structure of 40 strong radio sources
with an angular resolution of20 arcsec.

3.1. The Cambridge One-Mile and 5-Km Radio Telescopes

The construction of the One-Mile Radio Telescope at Cambridge represented a
significant departure from earlier Cambridge work, which concentrated on transit
instruments operating at relatively long meter wavelengths. The One-Mile Radio
Telescope (Ryle 1962, Elsmore et al. 1966) used 2 fixed and 1 moveable fully
steerable 60-ft-diameter paraboloids as a variable spacing interferometer operat-
ing simultaneously at 21 and 75 cm (1420 and 408 MHz). By moving the portable
antennato a series of different locations spaced 23.5 m apart on each of 64 succes-
sive days, an effective aperture 1 mile in diameter was synthesized. The resulting
5C surveys had angular resolutions of 80 arcsec and 23 arcsec, respectively, at
75 and 21 cm and cataloged radio sources as faint as 2 mJy, considerably fainter
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than any previously cataloged radio source (e.g., Pooley & Kenderdine 1968,
Pearson 1975). Observations with larger incremental spacings were used to observe
individual radio sources with unprecedented sensitivity, angular resolution, and
image quality (e.g., MacDonald et al. 1968, Mackay 1969, Branson et al. 1972).

Building on the achievements of the One-Mile Radio Telescope, Ryle (1972)
went on to build the 5-Km Radio Telescope, which offered several improvements.
The longer baseline and shorter operating wavelength (2 cm instead of 6 cm) im-
proved the resolution from about 5 arcsec to better than 1 arcsec, and the increased
number of antennas (8 instead of 3) improved the speed by nearly an order of
magnitude over the 1-mile instrument (Laing 1981a,b). This was the first radio
telescope at Cambridge that was specifically designed for studying the structure
of individual sources.

During the 1960s and 1970s, Cambridge radio astronomers were clearly at
the forefront of high-resolution radio imaging, and they jealously guarded their
position in fear that the wealthier observatories in Europe and the United States
might exploit their advantage if they could learn the secrets of aperture synthesis or
get prepublication hints ofimportant new results. The few students who left to work
at European and American observatories were pledged to secrecy. The Cambridge
staff continued to consist mostly of Cambridge graduates who were instructed to
withhold data and results from visiting radio astronomers. However, ultimately,
Westerbork, MERLIN, the Very Large Array (VLA), the Australia Telescope, and
the Very Long Baseline Array (VLBA) greatly extended the techniques originally
developed by Ryle and his colleagues at Cambridge.

3.2. The Westerbork Synthesis Radio Telescope

The Westerbork Synthesis Radio Telescope (WSRT) started out as a joint project
between Belgium and the Netherlands (see Raimond 1996). As originally con-
ceived, the Benelux Cross was to be a 5-km Mills Cross-Type antenna operating at
75 cm with a pencil beam resolution of 1 arcmin. The arms of the Benelux Cross
were to consist of parabolic cylinders, but following the success of the Cambridge
aperture synthesis work, the design later evolved to an array of about 100 fully
steerable 30-m-diameter dishes (Christiansen et al. 1961). However, it was soon
appreciated that the cost of such an ambitious instrument would be prohibitive
and the operation and data analysis overwhelming. Further study, especially by
Jan Hbghom, led to consideration of a 28-element one-dimensional earth-rotation
synthesis array. The design was again modified in 1965 when Belgium dropped
out of the project, resulting finally in an east-west array of 10 fixed and 2 movable
25-m dishes with spacings up to 1 mile.

The WSRT (Baars & Hooghoudt 19740H0om & Brouw 1974) was dedicated
in 1970 and has remained in heavy use not only by Dutch radio astronomers but
by users from around the world. It originally operated at 21 cm with a resolution
of 23 arcsec. Several upgrades to the instrumentation, including new receivers, a
new spectrometer, two additional movable antennas, and extension of the baseline
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to 3 km have improved the sensitivity and angular resolution and have kept the
WSRT at the forefront of radio astronomy research.

At first, the uniform spacing of the 10 fixed antennas of the WSRT with its
many redundant spacings was thought to be inefficient because it did not provide
the maximum possible coverage of the Fourier transform plane. However, as had
beendiscussed earlier by Rogstad (1968), itwas later appreciated that the redundant
spacings greatly improve the robustness of the self-calibration procedure (Section
5.2), leading to images with considerably enhanced dynamic range (Noordam & de
Bruyn 1982). The WSRT now operates with an angular resolution of 2 arcsec at its
shortest wavelength of 3.6 cm and has been particularly effective in observations of
neutral hydrogen in galaxies and for regions of low surface brightness, including
the giant radio galaxies, so-called head-tail radio galaxies, jets, and clusters of
galaxies.

It is interesting to note the influence of the international community on the
Dutch designs. The early cross-type antenna was first suggested by Charles Seeger,
a visitor to Leiden from the United States. Chris Christiansen from Australia and
William Erickson from the United States developed the cross configuration of 100
steerable paraboloids, whereasghom, fresh from his Cambridge PhD work,
urged the more powerful method of earth-rotation synthesis, which was finally
adopted.

3.3. The Very Large Array

At Caltech Bolton and Gordon Stanley built a pair of 90-ft steerable dishes, which
could be moved along 2 orthogonal 1600-ft rail tracks and operated at wave-
lengths as short as 10 cm. Due to the relatively small size of the primary antenna
beam, the Caltech interferometer was relatively immune from confusion problems
and was particularly productive. A variety of observations led to the identifica-
tion of the radio source 3C 295 with the most distant known galaxy at that time
(Minkowski 1960), the discovery of Jupiter’s radiation belts (Radhakrishnan &
Roberts 1960), polarization studies of extragalactic radio sources (e.g., Morris
et al. 1963), the identification of many radio sources with bright elliptical galax-
ies (Matthews et al. 1965) and quasars (Schmidt 1968), the determination of radio
source spectra (Kellermann 1964), the two-component nature of Galactic HI (Clark
1965), and the ubiquity of double-lobed radio sources (Maltby & Moffet 1962,
Fomalont 1967).

However, there was little progress in the United States toward developing the
next generation of powerful radio telescopes, and there was growing concern that
the United States was losing the initiative in the rapidly developing field of radio
astronomy to Britain, Europe, and Australia. Indeed, although the Caltech interfer-
ometer pioneered the use of large fully steerable paraboloids and state-of-the-art
low-noise receivers to push radio interferometry to short decimeter wavelengths,
Caltech radio astronomers did not make the step to full two-dimensional earth-
rotation aperture synthesis taken by Ryle and his colleagues in Cambridge.
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A radio telescope with a resolving power comparable to that achieved at opti-
cal wavelengths—about 1 arcsec—was needed to solve the outstanding scientific
problems of the day. In 1961, the National Science Foundation (NSF) convened
the Advisory Panel on Large Radio Telescopes, chaired by JR Pierce of Bell Lab-
oratories. Bolton, then director of the Caltech Owens Valley Radio Observatory,
presented plans for a 4-element array of 130-ft antennas moving on orthogonal rail-
road tracks to synthesize a two-dimensional beam. Interestingly, Bolton’s design
did not exploit the use of earth-rotation synthesis. About the same time, scientists
atthe National Radio Astronomy Observatory (NRAO) began to plan a much more
ambitious array. The NSF panel recognized the need for good angular resolution
and the power of aperture synthesis to achieve this goal. They recommended further
experimental and theoretical studies that would lead to the design of a radio tele-
scope with a resolution approaching 1 arcsec. Interestingly, the Pierce Panel report
(Pierce 1960, unpublished) commented that “the primary problem of American
radio astronomy appears to be the lack of radio astronomers.” The panel correctly
worried about achieving the needed instrumental and atmospheric phase stability
for 1 arcsec resolution, but with great perception noted that “as the Manchester
group has shown, three elements give the phases without the need for calibration”
(see Section 5.2).

In 1964, the National Academy of Sciences convened a panel, chaired by
Albert Whitford of the Lick Observatory,.". to study the probable need for
major new astronomical facilities in the United States during the next five to ten
years...” (Whitford 1964). Three of the eight members were radio astronomers:
Ron Bracewell, Frank Drake, and Fred Haddock. The panel report (Whitford 1964)
focused on the need to improve the angular resolution of radio telescopes, both
to study radio galaxies and to address “the cosmological problem.” The panel
commented on the distinction between radio astronomy, which was limited by the
power of available instruments, and optical astronomy, in which the limiting fac-
tor was inadequate observing time. Aspects of this dichotomy still survive today.
The panel noted that whereas only the Caltech proposal approached the needed
versatility and speed, the resolution, sensitivity, and image quality of the Caltech
instrument were still inadequate for “substantial progress with the prime astro-
nomical problems.” The panel recommended “as the largest single undertaking in
radio astronomy the construction of a large array that would achieve a resolution
of one arc minute at 21 cm and a few arcseconds at 3 cm.” An array of about 100
dishes, each 85 ft in diameter, was suggested. Due to its size and complexity, the
panel argued that the proposed array should be constructed by the National Ra-
dio Astronomy Observatory (NRAO) with the advice and extensive participation
of university scientists. The panel also recommended as an interim measure, the
construction of the proposed Caltech Owens Valley Array, which would consist
of up to 8 new 130-ft antennas to supplement the 2 existing 90-ft antennas. A
second Caltech proposal, submitted in 1966, outlined the plans for an 8-element
array of 130-ft dishes to give a resolution of 10 arcsec at 10 cm wavelength and
3 arcsec at 3 cm. The first 130-ft antenna at the Owens Valley Radio Observatory
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was constructed and put into operation in 1969. It was used together with the 2
existing 90-ft antennas to form a 3-element interferometer. No other development
of the array of 130-ft dishes ever occurred, but interferometry development did
continue at the Owens Valley Radio Observatory both toward longer baselines and
shorter millimeter wavelengths.

Interestingly, the Whitford Committee also recommended the construction of
2 fully steerable paraboloids of about 300-ft-diameter as well as a design study
for “the largest possible steerable paraboloid, with control of the reflector surface
through a servo system” (Whitford 1964). However, it would be 36 more years
before even one steerable antenna of this size with an active surface—the 100-m
Green Bank Telescope—would be completed (Jewell 2000).

At NRAO a prototype 2-element interferometer consisting of two 26-m dishes
separated by 900-2700 meters was put into operation in Green Bank in 1964. A
third 26-m dish was added in 1966 along with a 45-ft portable antenna, which
was located at distances up to 35 km from the larger antennas and was connected
by a radio link. The first proposal for the Very Large Array (VLA), submitted to
the NSF in 1967, called for an array of 36 25-m antennas operating with room
temperature receivers in 2 wavelength bands, 5.5 and 11 cm, with a sensitivity
sufficient to detetta 1 mJy source afte8 h integration time. The resolution was to
be 1 arcsec at 11 cm. The dynamic range was determined by the goal of reducing
the side-lobe level to about 1% after a 12 h track, comparable to what could be
obtained from a carefully illuminated filled-aperture antenna. Funding limitations
later restricted the array to 27 antennas, which, it was thought, would increase the
sidelobe level to more than 2%.

The VLA conceptwas widely criticized (Heeschen 1991), not only by those with
competing projects but even within NRAQO itself. The Caltech proposal addressed
essentially the same scientific goals as the VLA, but at a much lower cost and
complexity. In addition to the cost and technical considerations, there was concern
that the construction of the VLA by NRAO would likely reduce the role of the
existing Caltech interferometer, which had been so important in developing the
rationale for the VLA and in training radio astronomers, many of whom were later
involved in the development and operation of the VLA.

In 1967, the NSF appointed an ad hoc committee under the chairmanship of
Princeton physicist Robert Dicke to resolve the controversy. The Dicke Committee
Report (unpublished) recommended as its first priority that the Caltech proposal
“for an array of eight dishes be accepted in its entirety and funded as soon as
possible.” As a fourth priority, the NRAO VLA proposal was recommended for
further study after the upgrading of the Arecibo 1000-ft dish and design studies
of large fully steerable reflectors. The design studies for the VLA continued at
NRAO, but the NSF did not take any action on the Caltech array, the Arecibo
upgrade, the radome enclosed 440-ft fully steerable dish proposed by the North
East Radio Astronomy Corporation, or construction of the VLA.

In 1969, the NSF reconvened the Dicke Committee, which noted the progress
in building radio telescopes in Great Britain, the Netherlands, Germany, and India
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while the United States had “stood still.” In their unpublished report, the committee
drew attention to the dramatic discoveries in radio astronomy in the preceding
5 years (quasars, pulsars, organic molecules, galactic magnetic fields, and a new
test of general relativity) and noted that, “in no other field of science has man’s
understanding—even concept—of his universe been so dramatically extended and
altered” (Dicke 1969, unpublished). This time the committee endorsed, without
priority, the Arecibo upgrade, the Caltech array, the North East Radio Astronomy
Corporation 440-ft dish, and the VLA. However, without clearly defined priorities,

it was difficult to proceed with any project.

The following year the National Academy of Sciences formed a committee to
update the recommendations of the 1964 Whitford Committee and to set priorities
for astronomy for the next decade. Jesse Greenstein from Caltech chaired the
committee and David Heeschen, director of NRAO, chaired the Radio Astronomy
Panel. Following vigorous debate within both the Radio Astronomy Panel and the
main committee, the Greenstein Report (1972) endorsed the construction of the
VLA as the highest priority for all of astronomy. As a result, the first funds for the
construction of the VLA were made available in 1972, and the VLA was dedicated
in 1980 following a construction project that was completed within its budget and
schedule (Heeschen 1981, 1991, Swenson 1991, Lancaster 1991).

Lubkin (GB Lubkin, unpublished) and Swenson (GW Swenson, unpublished)
have discussed in more detail the events and controversy leading to the construc-
tion of the VLA. The design and performance of the VLA have been described by
Thompson et al. (1980) and Napier et al. (1983). Table 1 compares the original
design goals of the VLA as proposed in 1967 with the performance achieved when
the VLA was completed in 1980 and with current performance. With the planned
upgrade and expansion, both the sensitivity and resolution of the VLA will be in-
creased by more than an order of magnitude and the spectroscopic capability will be
improved by more than a factor of a hundred (Perley 2000). Some of the original
improvements came about during the design period, mostly as a result of the

TABLE 1 VLA performance

Goal (1967) 1980 2001

Resolution (arcsec) 1 0.1 0.02
Sensitivity in 8 hours rms (mJy)  0.1-1 0.05 0.01
Number of images/day 3 100 >1000
Sidelobe level (%) 1 0.1 0.002
Image size (pixels) 160 512 1024-4096
Spectral channels — 256 512
Wavelength bands 2 4 8

Wavelength range (cm) 3.7,11 1.3-20 0.7-400
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rapid improvement in signal processing techniques and electronic systems, which
allowed the use of cooled, very low—noise receivers. Digital circuitry was ade-
gquate at the time to handle 27 data streams at 100 mega-samples/sec for con-
tinuum and modest spectral resolution. However, the image analysis problem
appeared formidable for existing computers. Optical processing was considered
(see Heeschen 2000), the idea being to encode the visibility data onto film and use
the Fourier transform property of a lens to produce the image. A prototype was
built, but it was apparent that any analog system would lack flexibility. Fortunately,
this plan was dropped in favor of what then appeared to be a more complicated
digital system, but which later facilitated the dramatic improvement in image qual-
ity made possible by the powerful combination of CLEAN, self-calibration, and
fast computers (see Section 5).

The decision to build the full 27-element VLA rather than the 8-element array
proposed by Caltech had a profound impact. With the use of CLEAN and self-
calibration, the original VLA specification of a 1% or 2% sidelobe level (dynamic
range of 50-100) for observing times of the order of 12 h, was easily surpassed
even with so-called snapshots of a few minutes. With full 8-h tracks the dynamic
range reaches about 10,000 or better, so that spurious responses.@tés of
the brightest feature in the image. Also, instead of imaging 8 sources per day,
hundreds or even thousands of images are obtained in a single 24-h period, each
with a dynamic range that exceeds the original VLA specification by an order of
magnitude. As an extreme example, Condon et al. (1998) have cataloged nearly
2 million discrete sources from a full-sky VLA survey with a resolution better than
1 arcmin and rms noise of about 0.5 mJy, an accomplishment that was unthinkable
at the time of the VLA's construction.

There has been considerable speculation about why the apparently attractive and
cost-effective Caltech array was never built, in spite of the enthusiastic endorsement
received from the Pierce, Whitford, and two Dicke Committees. In part, there
appeared to be concern at the NSF about making too great an investment at a single
university observatory rather than at a national observatory where the facilities
would be open to users from all over the country. It may be significant, also, that
the VLA project was very well documented in the first 1965 NRAO report and
in great detail in three proposal volumes issued in 1967 (Vols. | and Il) and 1969
(Vol. lll), whereas the three Caltech proposals issued in 1962, 1966, and 1969 gave
considerably less detail about the engineering design and cost estimates.

Since its completionin 1980 the VLA has been used by over 2000 scientists from
hundreds of laboratories and universities around the world for more than 10,000
individual observing programs. It exceeds its design specifications by orders of
magnitude in nearly all parameters and remains, today, by far the most powerful
radio telescope in the world, although much of the instrumentation dates from the
1970s.

At the start of operations in 1980 observing was limited by the available com-
puting power, especially for spectroscopic observations. It was argued by many
that perhaps it would be better to build one less antenna or implement one less
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frequency and use the cost savings to buy more computers. Fortunately, this
argument was overruled, and within a few years the cost of computers had dra-
matically dropped. By the 1990s, VLA users had computers on their own desks,
each with far greater power than the original VLA mainframe machines. Consid-
erable effort was expended to ensure the portability of the Astronomical Image
Processing System (AIPS) (Greisen 2000), which allowed the computing load to
be absorbed by the user community instead of being concentrated at NRAO. Of
course, concurrent with the explosion in computing power has been the increased
demand due to the development of sophisticated new algorithms for deconvolu-
tion, which have made possible radio imaging with a combination of resolution,
speed, and quality undreamed of (and computationally impossible) at the time of
the original VLA proposals in the mid-1960s.

4. VERY LONG BASELINE INTERFEROMETRY

4.1. The Intensity or Post-Detection Interferometer

For some years after the discovery of the first discrete radio sources, it was thought
by Ryle (1949) and others that these sources were associated with stars, not galax-
ies. If so, they would be expected to be very small, so that interferometer baselines
of thousands of kilometers would be needed to measure their angular size. Clearly,
this was beyond the feasibility of any conventional interferometer because it would
be necessary to stretch cables between the antenna elements to carry the commor
local oscillator signal as well as return the IF signals for correlation.

Inthe early 1950s, Hanbury Brown conceived of a new type of interferometer in
which the intensity, rather than the electric field strength, of the incident radiation
received at spaced antennas were cross correlated. At radio wavelengths, where
the photon rate is high, the voltages at the antenna terminadgd,s, are pro-
portional to the incident electric fields and are Gaussian random processes. The
time-averaged product is, from the fourth-order moment theorem for Gaussian
noise, (V12v»2) = (v12)(V»?) + 2(v1V)2. The last term, which is proportional to
the square of the fringe visibility, is the desired result. No interference fringes are
formed, and the fringe phase cannot be determined, so the requirements for phase
stability are minimal. Hanbury Brown realized that such an interferometer could
be built with independent local oscillators, allowing baselines of arbitrary length
by recording the power received at each antenna’s element. If necessary, baselines
spanning the globe could be used to resolve radio stars (Hanbury Brown 1983,
1991).

Jennison & Das Gupta (1953, 1956a,b) demonstrated the technique of intensity
interferometry by measuring the angular size of the sun in 1951 and then used
a radio link in 1952 over a 12-km baseline to observe the strong radio sources,
Cassiopeia A and Cygnus A. Cas A was found to be a circularly symmetric source
with a diameter of 4.5 arcmin (Hanbury Brown et al. 1952). The data for Cygnus A
agreed with those obtained using conventional Michelson interferometers (Mills
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1952¢, Smith 1952a). Later intensity interferometer observations (Jennison & Das
Gupta 1953) detected a null in the fringe visibility near 1200eyond which the
visibility rose, suggesting for the first time that it was a double source with about
1.5 arcmin component separation (Figued.2t was later realized, however, that

the limited visibility amplitude data could equally well be interpreted as a three-
component source. To resolve this ambiguity, Jennison (1951, 1958) developed
the concept of phase closure (see Section 5.2). Clearly, Cas A and Cygnus A were
not true radio stars. Because baselines of only a few kilometers appeared adequate
to resolve the discrete radio sources, the emphasis at Jodrell Bank, Cambridge,
and later at Caltech moved to conventional connected-element interferometers of
more modest extent.

The intensity interferometer had two drawbacks that limited its use: The sen-
sitivity was much less than that of a conventional Michelson interferometer, and
the lack of phase information made it difficult to obtain images. In spite of these
problems, the technique did find some applications. In the mid-1960s a group at
the University of Florida set up an intensity interferometer with independent crys-
tal oscillators and audio tape recorders to measure the angular sizes of dekameter
wavelength radio bursts from Jupiter (Carr et al. 1965). Later, Gubbay et al. (1969)
used a tape-recording intensity interferometer with an intercontinental baseline to
observe 3C 273 (Moffet et al. 1972). The poor phase stability of early VLBI in-
struments (see Section 4.2) led Clark (1968) to the analysis of interferometers
of intermediate type, i.e., neither perfectly coherent (Michelson) nor incoherent
(intensity).

Hanbury Brown later built an optical intensity interferometer at Narrabri,
Australia, and successfully measured the diameters of a number of stars (Hanbury
Brown 1968, Hanbury Brown et al. 1974). Interestingly, although the intensity
interferometer was originally developed for radio astronomy, its main application
has been at optical wavelengths, whereas phase coherent interferometry, which was
originally developed for optical measurements, was, until recently, used by and
developed almost exclusively by radio astronomers. Hanbury Brown and Twiss
led the effort to understand the operation of the intensity interferometer within
the framework of quantum mechanics, which was a controversial issue at the time
(Hanbury Brown & Twiss 1954a,b, 1956, 1957a,b; Brannen & Ferguson 1956;
Hanbury Brown 1983, 1991). Recently, the basic quantum-statistical properties
that underlie intensity interferometry have also been demonstrated for Fermions
in an electron gas (Henny et al. 1999, Oliver et al. 1999). Unlike the case of electro-
magnetic radiation, which obeys Bose statistics and leads to positive correlation,
Fermions, as expected, show anticorrelation.

4.2. Very Long Baseline Interferometry

By 1965 the radio-linked interferometer measurements at Jodrell Bank had shown
directly that there was a class of compact radio sources with angular diameters
less than 0.05 arcsec, and interplanetary scintillation observations indicated sizes
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as small as a few milliarcseconds. Studies of their short wavelength radio spec-
tra (Kellermann et al. 1962, Bolton et al. 1963) suggested that synchrotron self-
absorption was important (Slysh 1963, Williams 1963) and that their diameters
could be as small as 0.001 arcsec. About the same time, repeated observations of
flat-spectrum sources showed remarkable flux density variations on time-scales
as short as a few months or less (Sholomitsky 1965, Dent 1965, Pauliny-Toth &
Kellermann 1966), implying linear scales as small as one light year or less. If
located at distances corresponding to their redshift (and there was considerable
controversy about that assumption) their angular sizes had to be considerably less
than 0.001 arcsec, and interferometer baselines of thousands of kilometers would
be needed to determine their structure.

An early discussion of using independent oscillators and tape recorders to build
aphase coherent (Michelson) VLBI took place at a series of seminars led by Leonid
Matveyenko (private communication) at the Russian Lebedev Physical Institute
in Moscow during the autumn of 1962. Matveyenko et al. (1965) realized that it
would be possible to increase the baseline length beyond what would be feasible
using direct physical connections or even radio links. Recognizing the broad po-
tential of tape recording interferometry, Matveyenko and colleagues applied for a
patent, but under Soviet law they were not allowed to publish their ideas until the
patent application was processed. The pending patent application, combined with
cold war secrecy and Soviet bureaucracy, delayed publication for 3 years. Because
Matveyenko et al. did not consider the possibility of slowing down the interferom-
eter fringes and anticipated recording the fringes on an analog chart recorder, they
assumed that integration times were limited to less than a fringe period, which is
inversely proportional to baseline length. Thus, they incorrectly concluded that the
sensitivity depended inversely on the length of the interferometer baseline. A later
analysis by Slysh (1965) correctly derived the requirements on time and frequency
stability.

In May 1963, Sir Bernard Lovell, Director of Jodrell Bank, visited the
Soviet tracking station in Evpatoria, Crimea. His visit was carefully monitored
by the Soviet military, but Matveyenko, Shklovsky, and others were able to dis-
cuss with him the possibility of UK-USSR tape-recording interferometry using
the Jodrell Bank 250-ft radio telescope and the tracking antenna in Evpatoria,
Crimea. The following year Henry Palmer traveled from Jodrell Bank to Moscow
for further discussions, but neither the high-speed tape recorders nor the stable os-
cillators needed for VLBI were available to Russian radio astronomers, and there
was little interest among senior Soviet radio astronomers in pursuing these ideas
(L. Matveyenko, private communication).

By the mid-1960s, two critical technical developments led several other radio
astronomy groups to think about tape-recording interferometry using indepen-
dent local oscillators to allow Michelson interferometry over essentially unlim-
ited baselines. Driven by the rapidly expanding computer industry, high-speed
digital tape recorders were commercially available, and broadband analog sys-
tems were possible using tape recorders designed for the television industry.
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Meanwhile, atomic frequency standards were becoming available with relative
frequency stability of 1 part in 26 to 1 part in 10 for rubidium and hydro-
gen maser standards, respectively. Thus, even for frequencies as high as 1 GHz,
it appeared that commercial rubidium-controlled frequency standards could give
adequate stability to maintain coherence for a few tens of seconds. This combina-
tion of relatively large bandwidth and long integration time provided the basis for
systems with sufficient sensitivity to detect quasars and AGN.

To align the tapes to detect “white-light fringes,” the time has to be synchro-
nized to within a fraction of the reciprocal bandwidth. The radio frequency signal
is reduced to base-band using standard superheterodyne techniques. With a band-
width of ~1 MHz, synchronization to better than a microsecond is required. In
the pre-GPS (Global Positioning System) era, worldwide radio synchronization
of clocks to an accuracy of a few microseconds was available from a network of
LORAN transmitters operating at 100 kHz. Synchronization could also be trans-
ferred by transporting a battery-powered rubidium-controlled clock by airplane to
the observing sites. Often the clocks were required to fly first class to satisfy airline
regulations.

4.2.1. EARLY VLBI SYSTEMS Encouraged by the theoretical work on synchrotron
self-absorption and the observation of time variations, as well as the observational
evidence for subarcsecond structure from lunar occultations, interplanetary scin-
tillations, and radio-linked interferometry, a Cornell-NRAO group recognized the
opportunity made possible by these new technologies to build a tape recording in-
terferometer with independent oscillators (see Kellermann & Cohen 1988). Initial
support was made available by NRAO director David Heeschen in the late summer
of 1965 on the basis of a short discussion, but the project was later supported by a
brief written “proposal” (Cohen, Jauncey, Clark & Kellermann 1965, unpublished
manuscript).

A digital recording scheme was chosen. The data were represented by one-bit
samples (two-level quantization, i.e., signal sign only) and recorded at the Nyquist
rate. It was well known from research in radar counter measures during World War
Il that the correlation properties of signals were preserved in this highly quantized
representation (Van Vleck & Middleton 1966). This result was first exploited in
radio astronomy by Sander Weinreb (1961), who built a digital autocorrelation
spectrometer using one-bit data samples. Digital recording had the attractive fea-
ture of being self-clocking, since each sample bit was measured at a precise time.
The data bits could be easily aligned after playback in a digital computer inde-
pendent of tape recorder irregularities as long as the bit count was not lost within
a data frame. By storing and shifting the data, a range of time alignments could
be tried to compensate for clock errors. Interestingly, virtually all modern radio
interferometers and arrays now use a one- or two-bit digital representation of the
signal (e.g., Thompson et al. 2001, chapter 8).

Initially, standard computer 7-track tape drives were used to record a 360-kHz
band using an overall data rate of 720 kilobits per second (kbps). Each 12-inch
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reel of tape lasted only for 3 min. The first VLBI playback system at NRAO

used an IBM 360/50 general-purpose digital computer, which took more than an
hour to correlate a pair of 3-min tapes. Later, the Haystack Observatory built a
special-purpose, hard-wired correlator that worked in the equivalent of real time.

The VLBI program in Canada was initiated after a series of internal reports
within the Canadian National Research Council in the summer and autumn of
1965 (see Gush 1988), about the same time the group in the United States was
starting its activities. The Canadian radio astronomers were more ambitious and
designed their system around analog TV studio recorders, which allowed a larger
bandwidth and consequently better sensitivity. Operation was more complex than
the American system because at playback time the tapes had to be manually aligned
by listening to spoken time prompts and 1-sec audio ticks, and they were subject
to timing errors owing to tape recorder irregularities. However, a 2-inch-wide tape
could record a 4-MHz band for 3 h. The Canadian group also used more stable, but
also more expensive, hydrogen masers rather than rubidium frequency standards
as their time and local oscillator references.

During the design and development period in 1965 and 1966, a friendly com-
petition developed between the US and Canadian groups to obtain the first fringes.
Concerned about the poor sensitivity inherent in the narrow-band digital system,
the Cornell-NRAO group planned to use the large radio telescope at Arecibo,
Puerto Rico, at one end of their interferometer and the Green Bank 140-ft an-
tenna at the other end—a baseline of 2557 km, or 5 million wavelengths at 49 cm
(610 MHz), to give an angular resolution of 0.02 arcsec. The first observations
made in January 1967 were unsuccessful, and the recording and timing equipment
was returned from Puerto Rico to Green Bank for examination. A second trial
a month later also failed to produce fringes. Meanwhile, on February 2, 1967,
the Canadian group successfully operated their system using two antennas sepa-
rated by only 200 m at the Alguonqguin Radio Observatory (ARO) (Broten et al.
1967a). The Canadians immediately shipped their instrumentation to Penticton,
BC, for a planned high-resolution test in April. However, on first examination this
experiment produced no fringes.

Meanwhile, on March 5/6 the US group successfully obtained fringes over a
650-m baseline between an 85-ft antenna normally used as part of the connected-
element Green Bank interferometer and the 140-ft radio telescope. One of the
recording systems was then moved to the Naval Research Laboratory’s 85-ft an-
tenna at Maryland Point and was successfully operated on May 8 over the short-
lived record baseline of 220 km (440,000 wavelengths at 49-cm wavelength) to
Green Bank (Bare et al. 1967). This was the first coherent interferometer ob-
servation involving independently managed radio telescopes; the resolution was
0.5 arcsec. Meanwhile, the Canadian group obtained fringes on a 250-km base-
line between the ARO and a 60-ft antenna at Shirley Bay, near Ottawa (Broten
et al. 1967a). On May 21, 1967, after several attempts to replay the tapes, they
successfully obtained fringes on the quasar 3C 273 on a 3074-knmx(4@81)
baseline from observations made on April 13 between the Algonquin Park 150-ft
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radio telescope and a 25-m antenna at Penticton, BC; the resolution was about
0.05 arcsec (Broten et al. 1967b). Both the Canadian and NRAO-Cornell teams
presented their results at a meeting of the International Scientific Radio Union
(URSI) held in Ottawa in May 1967.

Interestingly, a narrow-band Michelson-type independent-oscillator-tape record-
ing interferometer experiment had been tried by the University of Florida group
several months before the broadband systems described above. However, they
did not attempt to correlate their data until after the publication of Broten et al.
(1967a), and their paper was not submitted for publication until November 1967
(Brown et al. 1968), after the papers by Broten et al. (1967a,b) and Bare et al.
(1967) appeared. The Florida interferometer was used to observe strong radio
bursts from Jupiter at 18 MHz. Because the bandwidth was only a few kilo-
hertz, the observing frequency low, and the integration time short, the require-
ments on recorder technology, time synchronization, and frequency stability were
modest and were easily satisfied with a simple audio tape recorder and crystal
oscillator.

Meanwhile, a group at MIT and the Haystack Observatory had become aware
of the difficulties experienced by the NRAO-Cornell group in finding fringes from
the two Green Bank—Arecibo trials. The MIT group had been studying OH masers
using a radio-linked interferometer at 18 cm (Moran et al. 1967a). The masers
that they observed remained unresolved over a baseline between antennas located
at the Haystack and Agassiz Observatories, 13.4 km apart, although for the first
time, individual velocity components were distinguishable. They realized that the
relatively strong narrow-band masers might provide a powerful diagnostic tool, as
time synchronization of only a few hundred microseconds was needed, compared
with the microsecond accuracy needed for continuum sources. The MIT-Haystack
group designed and built a compatible recording system at the Haystack Obser-
vatory by using a direct analog to digital (A/D) interface to the antenna control
computer.

Following the successful operation of the Green Bank—Maryland Point inter-
ferometer in May, the NRAO-Cornell group and the MIT-Haystack group joined
forces to observe on an 845-km baseline between the Haystack 120-ft and Green
Bank 140-ft telescopes with a resolution about 0.04 arcsec. The MIT group studied
OH masers (Moran et al. 1967b) and the NRAO-Cornell group, quasars and AGN
(Clark et al. 1967b). In July the baseline was extended te 20° wavelengths, a
West Virginia to California baseline with a corresponding resolution of 0.01 arcsec,
arecord for angular resolution at that time (Clark et al. 1967a, Moran 1968, Moran
et al. 1968). By January 1968, baselines to Sweden were established, and the ob-
servations extended to 6 cm (Kellermann et al. 1968). The maximum baseline was
6319 km, or about owavelengths. In less than a year, radio interferometer base-
lines had increased to a significant fraction of an earth diameter, and the minimum
wavelength used had decreased by more than an order of magnitude (Cohen et al.
1968). In the following year, VLBI observations were extended to Australia over
a distance of 10,592 km (Kellermann et al. 1970), and the wavelength was further
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decreased to 2.8 cm on a baseline to Russia (Broderick et al. 1970). The maximum
baseline length reached310° wavelengths, and the corresponding angular reso-
lution was better than one thousandth of a second of arc. Applications of the VLBI
technique to geodesy and geophysics, timekeeping and earth rotation, and tests
of general relativity were quickly realized (Gold 1967, MacDonald 1967, Cohen

et al. 1968, Shapiro & Knight 1970).

The VLBI observations between the United States and Russia posed a special
challenge (see Kellermann 1992). Following an initial exchange of letters in 1968,
American and Russian radio astronomers agreed to attempt a US-USSR VLBI
experiment. At that point there had been no discussions with American authorities
about sending sensitive high-speed tape recorders and accurate atomic frequency
standardstothe USSR, and it took lengthy negotiations to get approval from various
American intelligence services and to arrange for the necessary export license.
At issue was not only concern about the possibility of reverse engineering of
advanced American technology, but the potential application of accurate baseline
data to target nuclear missiles. Only years later was it learned that the Russian
radio astronomers had faced the same hurdles with their government, and in fact
KGB engineers did thoroughly study the American recorders while the visiting
American astronomers slept or were taken to visit various Soviet tourist attractions.
However, after the first observations in 1969 there appeared to be little or no interest
from either Soviet or American authorities, and the US-USSR VLBI observations
continued throughout the cold war period with repeated two-way exchanges of
scientists and expanding collaborations.

The push to shorter wavelengths was motivated not only by the desire to get
higher angular resolution for quasars and AGN but also by the discovery of cosmic
water masers at 1.3 cm (22 GHz). Within a year after the discovery©friaasers
in many galactic star-forming regions and late-type stars, the measurement of
the angular structure of these sources began with VLBI observations linking the
NRL Maryland Point Observatory, Green Bank 140-ft, and Haystack 120-ft radio
telescopes (Burke et al. 1970, Moran et al. 1973). With the US to Crimea baselines,
the resolution reached 0.0002 arcsec for bot@ Fhasers and quasars (Burke et al.
1972, Pauliny-Toth et al. 1978).

During the development of the first VLBI systems, questions were raised about
whether the technique violated fundamental physics, because apparently the anten-
nas through which each photon passed could be identified from the tape recording.
However, as seen through the eyes of the electrical engineer, it was perfectly
straightforward; the tape recording merely duplicates the signals that are con-
veyed by cable in a conventional interferometer. Burke (1969) showed that tape
recording interferometry did not violate quantum mechanics, because irreducible
spontaneous emission in amplifiers prevents the identification of which antenna a
specific photon entered. In another misconception, one referee of an early paper
guestioned the effect of a curved Earth on the long intercontinental baselines, ap-
parently not appreciating that the two ends of the interferometer formed a straight
line, independent of what lay in between.
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The early VLBI observations confirmed the small angular dimensions of quasars
and AGN predicted from their radio spectra and time variability and revealed their
complex multi-component structure (Broten et al. 1969, Clarke et al. 1969). In
particular, the 3.8-cm (7.8 GHz) observations of 3C 279 by Knight et al. (1971)
showed a particularly well-defined double source with a component separation of
0.00155=+ 00005 arcsec. A few months later repeated observations of the quasars
3C 279 and 3C 273 resulted in the exciting discovery of superluminal motion
(Whitney et al. 1971, Cohen et al. 1971). However, concerns lingered about the
unigueness of the interpretation until the multi-baseline imaging results of Pearson
et al. (1981), which clearly showed an increase in component separatiohOof
parsecs in 3 years, or an apparent speed nearly 10 times the speed of light.

4.2.2. ADVANCED VLBI SYSTEMS The sensitivity of the US digital system was lim-

ited by the narrow 360 kHz bandwidth, whereas the utility of the broad-band
Canadian system was restricted by its complex operation. In an attempt to address
these issues, NRAO began the design of an advanced VLBI recording system,
called the MK Il VLBI system. The NRAO design, under the leadership of Barry
Clark (1973), used digital recordings on broadband reel-to-reel video recorders
with the aim of obtaining the sensitivity of the video recorder and the reliability of
digital recordings. By this time the Canadian radio astronomers had replaced their
studio-type TV recorders with much less expensive and more reliable portable TV
recorders. These portable recorders used the same reels of 2-inch-wide tape used in
their initial recording system. Each reel was 10.5 inches in diameter and weighed
more than 10 pounds, but was capable of recording a 2-MHz band (4 megabits
per sec) for up to 3 h, compared with the 3 min of 360-kHz MK | recordings. The
Canadian VLBI group had experienced considerable difficulty using these recorders
fortheiranalog VLBI system and had recommended against their use for the NRAO
MKII system. However, the NRAO team anticipated that digital recordings on the
same machine would be more robust to irregularities in the playback speed and
to microscopic imperfections in the magnetic coating on the tape, which could
lead to the loss of time synchronization. Unfortunately, this reasoning proved to
be naive. The variation in mechanical alignment among different recorders made
it extremely difficult to playback the tapes without unacceptable error rates and
consequent loss of synchronization. After years of frustration, hundreds of mag-
netic tapes were buried in Green Bank, and the recorders were replaced by a
somewhat more reliable design that used 1-inch-wide tape, but only lasted for
one hour.

A major breakthrough occurred in the late 1970s with the introduction of the
remarkably inexpensive home Video Cassette Recorder (VCR). Allen Yen, who
had engineered much of the Canadian VLBI system, was intrigued by the potential
opportunities of using consumer electronics for VLBI. During a series of visits to
Caltech, the Max Planck Institutif Radioastronomie (MPIfR) in Bonn, and the
NRAO, Yen succeeded in recording MK Il-compatible data on a standard VCR.
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The VCR tapes cost only a few dollars each compared with a few hundred dollars
for the professional videotapes. Moreover, they were sufficiently light-weight that
they could be inexpensively shipped around the country and around the world
by regular (customs-free) first-class mail, rather than the complex and costly air
freight shipments previously required.

Initially, tapes were correlated one baseline at a time, so the tapes from an
N station experiment had to be replayed N{N)/2 times. The first NRAO
MK Il two-station correlator was later expanded to allow tapes from three antennas
to be simultaneously replayed. The correlator capacity, especially important for
spectroscopy, was successively increased from 32 to 96 to 512 frequency channels.
Caltech builta MK Il correlator that was later expanded to three, then four, and then
five stations to accommodate the increasing number of multi-station observations.
Later, Caltech, in collaboration with the Jet Propulsion Laboratory (JPL), devel-
oped alarge VLBI playback facility that allowed up to 16 tapes to be simultaneously
replayed and correlated in the equivalent of real time. Other MK Il correlators,
patterned after the NRAO processor, were constructed and put into operation in
Germany, Russia, and China.

As the sensitivity of the MK |l VLBI system was restricted by the limited band-
width of 2 MHz (4 Mbps), Yen began a program to develop a VCR-based system
that would allow reliable digital recordings over a 6-MHz bandwidth (Yen 1988).
Following his untimely death in 1993, Canadian radio astronomers continued this
work, which led to the development of the inexpensive S2 record system based
on professional-model VCRs recording at 8 MHz (16 Mbps) on a single VHS
cassette. A standard S2 record terminal consists of 8 tape transports recording up
to a 64-MHz band (128 Mbps) (Carlson et al. 1999). More than 20 S2 recording
systems are in operation and are used especially in support of the Japanese VSOP
space VLBI program (see Section 4.6), as well as VLBI observations in Australia
and for Canadian geodetic VLBI observations. S2 tapes are correlated primarily
in Canada, at the Dominion Astrophysical Observatory located in Penticton, BC.

Not long after the first astronomical VLBI observations in 1967, NASA ini-
tiated a vigorous VLBI program of geodetic observations based at the Goddard
Space Flight Center, the MIT-Haystack Observatory, and JPL to measure earth
rotation, polar motion, plate tectonics, and as a by-product, accurate radio source
positions. Long-term goals included the potential for earthquake prediction. As the
measurement of absolute phase was not feasible, geodetic applications relied on
measuring fringe rate and/or delay. The crucial development that made precision
geodesy and astrometry possible was the implementation of bandwidth synthesis
(Rogers 1970), in which the recording band was sequentially switched among fre-
guencies spanning a range of up to 100 MHz, making it possible to measure delays
with 10-nanosec accuracy even with the NRAO 360-kHz bandwidth MK | system
(Whitney et al. 1976).

With NASA support, a broadband VLBI recording system known as MK Il was
developed atthe MIT-Haystack Observatory (Rogers etal. 1983). The MK 111 VLBI
system originally recorded 28 4-Mbps tracks on a 1-inch wide tape. However, the



Annu. Rev. Astro. Astrophys. 2001.39:457-509. Downloaded from arjournals.annualreviews.org
by University of Arizona Library on 08/18/10. For personal use only.

484

KELLERMANN = MORAN

recordings only lasted 13 min on a single tape, which cost about $1000. The MK llI
system was soon upgraded by the introduction of movable recording head stacks,
which increased the number of tracks (and corresponding bit density) 12-fold and
increased the recording time 8 h per tape. This became known as the MK llla
system, which was deployed by NASA in support of the NASA and, later, National
Geodetic Survey geodesy programs (Clark et al. 1985). In the decade preceding
the construction of the VLBA (see Section 4.4), far more money was invested in the
United States by NASA for geodetic VLBI than by the NSF for astronomical VLBI
observations. MK llla instrumentation was installed by NASA at many major radio
observatories around the world for geodetic observations. However, the equipment
was also used by radio astronomers to study cosmic masers and AGN.

In the United States MK Il correlation was done initially at the Haystack
Observatory. In Europe, a MK Ill processor was built at the MPIfR with support
from the German organization Bundesamnt Kartographie und Geedie. The
MPIfR processor was later expanded to support eight stations while the US Naval
Observatory operated a three-station processor to support their program in astro-
metry and earth rotation. Although the MK llla VLBI system was five times more
sensitive than the MK 1l system, the high cost of the equipment, combined with
the cost of purchasing and shipping the tapes, and the lack of convenient software
for imaging limited its use for radio astronomy imaging. The MK llla system was
later superceded by the VLBA record system, which although based on MK llla
technology, uses a longer, thinner tape that increases the recording time to slightly
over 10 h per tape at the nominal recording rate of 128 Minfistoat 256Mbps.

More recently, the Haystack Observatory has developed the MK IV system, which
uses multiple headstacks to achieve a sampling rate of up to 1 Gbit/sec (Whitney
1993). The last improvement, however, came at the expense of a corresponding
decrease in recording time per tape, as the bit density of the MK IV system is the
same as that of the VLBA system. Other VLBI systems were developed at Jodrell
Bank and JPL but they have not come into widespread use.

4.3. The Network Users Group and the VLBI Consortium

In the early 1970s VLBI observations were mostly conducted on an ad hoc basis.
Whereas the expansion of VLBI baselines to Europe, Australia, and Russia led to
angular resolutions better than 0.001 arcsec, the technical and logistical difficulties
were formidable. Multi-station observations were needed even to make simple
models of radio source structures, but in spite of the successes, serious problems
remained. There were too few baselines and the phase information needed to
form true milliarcsecond images was missing. The multistation observations took
excessively long to correlate, and long backlogs were common. Moreover, the
VLBIrecording systems were difficult to operate, unreliable, costly, and exhausting
to ship and operate around the world. This was before the days of the Internet,
and numerous telephone calls were needed to arrange for a common observing
time, to arrange for shipping magnetic tapes, to prepare observing schedules, and
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to make last-minute changes necessitated by the inevitable technical failure or
human error at one or another of the observing sites. Observing runs lasting more
than a few days often fell on scheduled maintenance days at the participating
observatories, a problem that had increasing impact as the size of the experiments
and number of telescopes increased. Weekend and holiday observing thus became
more common, but this exacerbated the technical difficulties, as support personnel
were often not available on weekends to fix problems. Customs officials introduced
their own level of bureaucracy, even from so-called friendly countries, with the
United States being, perhaps, the most recalcitrant. It was not unknown for a US
customs agent to try to collect customs duties on incoming tapes that had been
exported only a few weeks earlier. Although the incoming tapes belonged to the
US government, customs agents argued that because the tapes contained new data
they had acquired added value while out of the country and were thus subject to
customs duties.

In order to facilitate multi-station VLBI, Marshall Cohen and his associates
developed the idea of routinely scheduled VLBI observations on small networks
oftelescopes, the earliest of which included the Harvard College 85-ftantenna near
Fort Davis, TX, the Caltech 130-ftantennain the Owens Valley, CA, and the NRAO
140-ft antenna in Green Bank, WV (Cohen et al. 1975). In 1975 Cohen organized
the Network Users Group (NUG), which began the operation of the US VLBI
Network to make a VLBI network look like a single telescope that could be used by
anindividual or a small team. Participating observatories agreed to set aside a week
six times each year for VLBI observations. The decision by NRAO to turn over
scheduling authority for six weeks per year on the heavily oversubscribed 140-ft
telescope to an external group was controversial and represented a major change in
policy. Proposals were submitted to the NUG, reviewed by its referee committee,
and scheduled. To reduce the huge effort and travel involved in implementing
VLBI observations, the scientists involved provided local observing support at their
own observatory for all programs including those in which they had no scientific
involvement. It thus became possible for a single individual, or small group, to
propose, carry out, and publish without a huge author list VLBI observations
using radio telescopes around the country, all under different management. The
first Network observations were scheduled in March and April 1976 and involved 6
programs at 2.8 or 18 cm on 7 telescopes. The first synthesis image of an OH maser,
obtained from this session, led to a qualitative improvement in the understanding
of these objects (Reid et al. 1981).

One of the early successes of the Network was the standardization of the instru-
mentation and observing procedures. This was not an easy step, because by 1976
each research group had adopted, and often rigidly maintained for the purposes of
continuity, a specific set of observing frequencies. The Network adopted standard
frequencies and polarization that reduced the incidence of failed experiments. The
Network prepared a comprehensive handbook and issued a regular newsletter to
help investigators cope with the volume of detailed information needed to use the
different antennas.
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For several years in the early 1980s, the group at the Smithsonian Astrophysical
Observatory provided an almost real-time fringe check at the beginning of each
Network session. Using the system developed by the MIT/NASA group (Levine &
Whitney 1980, Rogers et al. 1983),°ifits of data were stored in buffers simul-
taneously at each station and transmitted by telephone lines sequentially to the
Smithsonian Astrophysical Observatory at 1200 bps. The search for fringes over
an arbitrarily large delay range was conducted on a general-purpose computer. If
no fringes were found, the relevant observatories were notified and setup mistakes
were sought. A table of instrumental clock offsets for each station was then made
available to facilitate the actual data processing.

Inits first 5 years of operation, the Network scheduled 192 programs involving
119 investigators from 32 institutions. Although the absolute growth was limited by
the agreement of 6 weeks per year of VLBI observing time at the 140-ft telescope,
the number of programs per session increased from 3to 10, and the average number
of telescopes per program increased from 3.5 to 5.5. Other antennas, including the
Arecibo radio telescope and the VLA, as well as the MPIfR telescope at Effelsberg,
Germany, other European stations, and the NASA Deep Space Network (DSN)
stations around the world, were added to the original seven. The large number
of antennas saturated the correlator capacity, creating a major processing backlog
that was not ameliorated for several years.

In order to further expedite technical improvements, a formal consortium of
observatories was created at the 1981 annual NUG meeting. The Memorandum
of Understanding launching the consortium was signed in January 1982 by the
presidents of Caltech, MIT, Harvard/Smithsonian Astrophysical Observatory, the
University of California, and the University of lllinois. The NUG became an ad-
visory body to the Consortium, but the scheduling and operation of the Network
proceeded much as before. The Network’s technical advisory group became much
more active and formulated an ambitious program of equipment upgrades, esti-
mated to cost about $2 million, which included maser clocks for the VLA and
Hat Creek; a MK III terminal for lowa; better receivers at 4 and 13 cm; dual
polarization receivers for 1.3, 6, and 18 cm; expansion of the MK Il proces-
sor; purchase of more tape; and a dedicated DEC VAX computer for image pro-
cessing. However, the only result of this plan was NSF support for buying more
tape and for technical staff positions obtained through the proposals of individual
observatories.

Sensitivity remained a problem, and to address this issue connected element
arrays such as the VLA and the Westerbork Synthesis Radio Telescope (WSRT)
were configured as phased arrays that could be used for VLBI observations with the
equivalent collecting area of a 135-m or 94-m dish, respectively. It was necessary
to sum the signals coherently from all the antennas of each array in order to
form a beam in the direction of the source. This was achieved by removing the
instrumental phases of each antenna and electronically pointing the phased array
toward the VLBI target, which appeared as a point source at the resolution of
the VLA or WSRT. The coherence was often less than perfect, and the VLA
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35-km-diameter A-configuration at 1 cm in the summer daytime could become
dephased in less than a minute. Under these conditions, it was often necessary to
have an expert on site during the observations to watch the phasing and discard
the signals from the outermost antennas to optimize the signal strength.

With the development of the VCR-based MK 1l system, VLBI became possible
at a modest cost, and many radio observatories built or bought VLBI systems. By
the time of its demise in the mid-1990s, more than 20 VCR VLBI systems had
been built and were in operation throughout the world. In 1984, 18 telescopes were
used in a series of VLBI observations called the World Array, which contained 153
baselines. Very high dynamic range images with milliarcsecond resolution were
made of the AGN 3C 120 (Benson et al. 1988), M 87 (Reid et al. 1989), the giant
radio galaxy 3C 236 (Schilizzi 1988a), and the quasar 3C 48 (Wilkinson et al.
1991).

4.4. The Very Long Baseline Array (VLBA)

By the mid-1970s, it was apparentthat more sophisticated instrumentation and, par-
ticularly, better organization of the observing and playback facilities were needed.
At a meeting held at NRAO in April 1974, a three-phase program was formulated.
First, itwas clear that Very Long Baseline Interferometry (VLBI) programs needed
to be centrally organized, yet take into account the independence of the participat-
ing radio observatories. Second, a new antenna was needed in the midwestern U.S.
to fill in the gap between the concentrations of radio telescopes in the Northeast
and Southwest. Finally, to fully exploit the VLBI technique, a dedicated array was
needed that wouldy provide good distribution of baselines by siting the antennas
where needed rather than where existing radio observatories happened to be lo-
cated, b) work well at the short wavelengths needed to obtain the best resolution,
and €) be operated by a single organization as a national facility, which would make
the cumbersome process of tape transport and playback transparent to the user.

The formation of the NUG as described in Section 4.3 was a result of the first
recommendation. In response to the second, and with encouragement from the
community and the NSF, the University of lowa and the University of lllinois each
proposed to build the Midwest telescope, initially to work together with an array
of existing antennas and later as the first element of the dedicated array. Neither
proposal was funded, although an existing 60-ft antenna at the University of lowa
was later put into limited use for VLBI.

In response to the third recommendation, planning for a dedicated array con-
tinued at NRAO in collaboration with university radio astronomers (Swenson &
Kellermann 1975). NRAO issued a design report for an Intercontinental Very Long
Baseline Array (Kellermann 1977), but by that time NRAO was preoccupied with
building the VLA, and there was great pressure from the radio astronomy commu-
nity for NRAO to build a 25-m millimeter-wavelength radio telescope as the next
big national radio astronomy facility. Faced with these uncertainties, Caltech, in
collaboration with JPL, initiated a separate design study for a VLB array, although
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many of the same scientists from NRAO and Caltech (and elsewhere) contributed
to both design efforts (Cohen 1980). The two designs were compared at a meeting
held in Green Bank, WYV, in October 1980. This led to a revised NRAO plan.
Based on the NRAO and Caltech design studies, a National Academy of Sciences
Astronomy Survey Committee recommended the construction of the VLBA as the
highest priority for a major new ground-based facility (Field 1982). In April 1982,
more than one hundred scientists met at the National Academy of Science for a
Workshop on the Multidisciplinary Uses of the VLBahich helped to coalesce

the potential astronomical and geodetic users of the VLBA (Shapiro 1983). In
1983, the NSF abandoned plans to build a millimeter-wave telescope and instead
requested funds to begin construction of the VLBA.

Following a controversial debate in Congress, limited design funds for the
VLBA were made available in 1984. Construction started in 1985, and the VLBA
was finally put into operation in 1993, about 20 years after the first discussions
(Kellermann & Thompson 1985, 1988, Napier et al. 1994). However, like many
other major construction projects, it would be 5 or more years before the software
was in place to fully exploit the capabilities of the VLBA. During the VLBA design
phase it was unclear whether to use the MK Il or MK Il recording technology.
The MK Il system was considerably less expensive but had limited bandwidth
compared with the MK 1ll system. Initially, NRAO had proposed to use 8 VCRs
in parallel, each working at 16 Mbps, but 16 Mbps VCR recording had not yet
been demonstrated, and there was concern about the bookkeeping involved with
the large quantity of tapes that would be produced by a dedicated 10-station array
working full time. Following extensive discussion, the MK Il technology was
adopted for the VLBA because it appeared to offer greater potential to be up-
graded to even higher data rates. The VLBA recording system (Rogers 1995) uses
a narrow-track headstack that can be repositioned to allow 28 passes of the tape
to give a total recording time of 10.5 hours at the nominal data rate of 128 Mbps,
or 5x 10 bits per tape. By moving the tape at twice the normal rate of 160
inches/s, the recording rate can be increased to 256 Mbps, but at the expense
of proportionally reduced recording time. The VLBA correlator can handle up
to 20 simultaneous tapes, so that up to 10 non-VLBA antennas can be used to
gain increased sensitivity, resolution, and image quality. In a more recent devel-
opment, two recorders are operated in parallel to achieve a net record rate of
512 Mbps.

4.5. The European VLBI Network and the Joint Institute
for VLBI in Europe

In 1980, 5 European radio observatories joined forces to form the European VLBI
Network (EVN), which has since grown to include 14 radio telescopes located in
10 countries. The EVN includes the large radio telescopes at Jodrell Bank, UK
(250 ft), Effelsberg, Germany (100 m), and the 14-element Westerbork Array in
the Netherlands, along with two 32-m dishes in Italy and one each in Poland and
the UK, and smaller antennas in Finland, Sweden, Spain, and China (Booth 1991,
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Schilizzi 1997). Up to 90 days per year are spent on VLBI at some of the EVN
antennas. In 1998 the EVN completed a 16-station processing facility operated by
the Joint Institute for VLBI in Europe (JIVE) to handle the growing volume of
data from the EVN. With the large collecting area and relatively modest baselines
of the European antennas, the EVN is an especially powerful array for imaging
sources with intermediate surface brightness, particularly when combined with
the MERLIN array. The EVN now operates with support from the Netherlands,
Sweden, France, the UK, Italy, and Spain as a multinational-distributed facility
managed by an international Board of Directors whose members are the directors
of the participating observatories. Technical and operations groups oversee the
operation and further technical development of the EVN.

4.5.1. GLOBAL VLBl  Several times each year the EVN antennas are used together
with the 10-station VLBA for global VLBI observations, typically with a total

of 15-20 antennas. These large multi-station experiments are mostly correlated
at the VLBA processing center in New Mexico. In Australia 6 radio telescopes,
augmented by an 85-ft antenna in South Africa, form the Southern Hemisphere
VLBI Experiment (SHEVE) (Preston et al. 1989), which, in turn, participates in
the Asian-Pacific Network, which includes radio telescopes in China, Japan, and
Hawaii. In addition to these radio astronomy VLBI networks, there are separate
VLBI networks that are primarily dedicated to astrometry and geodesy, although
there is considerable interchange of activity on all of the networks and arrays.
The globalization of VLBI including the formation of other networks such as the
Asia-Pacific Telescope is described by Schilizzi (1995).

A key factor in the development of these global VLBI networks has been the
extensive cooperation of individuals as well as institutions and the migration of sci-
entists and ideas throughout the world, especially among Caltech, NRAO, Jodrell
Bank, and the MPIfR. During visits to Caltech, MPIfR, and NRAO, Allen Yen
from Toronto freely shared his ideas with his American competitors, and this shar-
ing was critical to the development and later proliferation of the global VCR-based
MK 1l VLBI system. Canadian and American radio astronomers participated in
each others’ experiments and later collaborated in the experiments using a satellite
link (see Section 4.7.1). The record-playback system used by the VLBA is based
on the MK IIl data system, originally developed for geodesy at the MIT Haystack
Observatory with support from NASA.

Because the MKII VLBI system was developed in the United States, the North
American NTSC TV standard of 60 frames per second became the accepted global
VLBI standard even in the many countries using the technically more sophisticated
German PAL or French SECAM TV standards. There were no large meetings or
international committees to debate standards. Recorders were purchased in the
United States and, where necessary, 50—60-Hz frequency converters were used to
provide power. However, with the proliferation of global VLBI programs supported
by national space agencies, and the lack of effective coordination, there are now a
number of incompatible VLBI systems in operation throughout the world (e.g.,
Canadian S2, Japanese K4).
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These international collaborations involving large research facilities were ac-
complished without any formal government involvement, even in the case of Russia
and China, once initial security concerns were satisfied. The international collabo-
rations were established because the science required them—in the form of longer
baselines and multiple antennas—and not to save money, enhance national prestige,
or promote political goals. Such grassroots international collaboration is perhaps
unigue in modern science and is certainly in contrast to the scientific mega-projects
that are currently popular among national funding agencies.

4.6. Very Long Baseline Interferometry in Space

4.6.1. THE COMMUNICATIONS TECHNOLOGY SATELLITE (HERMES) By the mid-1990s,

the construction of the VLBA and the organization of the EVN led to a dramatic
improvement in the high angular resolution imaging of cosmic radio sources.
However, the tape recorders have limited the bandwidth and complicate the sys-
tem logistics. As early as the mid-1970s, several radio astronomy groups began to
think of using communication satellites both to provide a closed-loop phase-stable
local oscillator link between remote radio telescopes and to transmit the IF signal
to a common location for correlation, obviating the need for tape recordings.

In1976 and 1977, a Canadian-US team lead by Allen Yen and George Swenson
used the experimental Canadian Communications Technology Satellite, Hermes,
to do real-time interferometry between the 140-ft radio telescope in Green Bank
and the 150-ft radio telescope at the Algonquin Radio Observatory (ARO) in
Ontario, Canada, and later between the Owens Valley Radio Observatory and the
ARO (Yen et al. 1977). The principal challenge of this real-time system was to
construct an enormous buffer storage system to accommodate the 0.25-sec signal
delay in the satellite link. The satellite-linked ARO-NRAO 2.8-cm wavelength
(10.7 GHz) interferometer not only operated in real time, but its 10-MHz bandwidth
was much larger than the then-current MK |l tape recording VLBI system and gave
a significant improvement in sensitivity.

Although the Hermes link successfully demonstrated the feasibility of real-
time VLBI, by this time single-baseline VLBI was of only limited scientific value.
The Hermes satellite continued to be used, however, to provide a stable local
oscillator link in support of a geodetic VLBI program (Knowles et al. 1982). Later,
Cannon et al. (1982) used the commercial Canadian ANIK-B satellite to obtain
more than an order of magnitude improvement in the relative phase stability of
rubidium frequency standards located at remote observatories in Canada and the
United States. However, with the continuing improvements in the precision and
reliability of hydrogen maser frequency standards, in spite of their relatively high
cost, there is no longer any incentive to use satellite links to stabilize remote local
oscillators.

European radio astronomers also discussed the possibility of using communi-
cation satellites for real-time VLBI. Studies by the European Space Agency (ESA)
resulted in a 1979 proposal to use the ESA Large Telecommunications Satellite,
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L-Sat, to link up to 4 radio telescopes with a 72-Mbps data rate. It became clear,
however, that the use of broadband satellites for VLBI was not cost-effective if one
had to pay commercial rates for the satellite time, as it requires the full capacity of
a large communications satellite, which is capable of supporting tens of simulta-
neous (paying) TV transmissions. Although the L-Sat program was never funded,
it led to increased involvement by radio astronomers with the space agencies and
planning for a radio telescope in orbit to increase the length of interferometer
baselines beyond that which could be achieved on the earth.

4.6.2. EARTH-SPACE INTERFEROMETRY Once the success of independent-oscillator
taperecorder interferometry had been demonstrated, it was clear that, in prin-
ciple, baselines could be extended without technical limits. As early as 1972,
the report of the Radio Astronomy Panel of the NRC Decade Review of Astro-
nomy (Greenstein 1972) noted the potential of earth-space interferometry. In Rus-
sia, Kardashev, Shklovsky, and others discussed an earth-moon interferometer in
1969, and in 1971, Russian and American radio astronomers exchanged thoughts
on the subject during a joint US-Soviet Conference on the Search for Extraterres-
trial Intelligence (SETI) in Armenia. In 1979, Russia launched the Kosmicheskii
Radio Telescope (KRT-10) aboard the Salyut-6 space station. The goal of this
mission remains unclear, although it was apparently related to military research.
A report in Pravdaindicated that VLBI observations were made. However, this
was never confirmed, and there were unpublished reports that the 10-m-diameter
antenna did not properly deploy and had to be cut from the spacecraft during a
dangerous spacewalk by Soviet cosmonauts. Later, Kardashev et al. (1980) and
Sagdeev (1984) described Russian plans for an earth-space VLBI mission known
as RACSAS-1. Other proposals made in the United States and in Russia included
using the Space Shuttle, the NASA Spacelab-2 mission, the NASA Venus Orbiting
Imaging Radar probe (later called Magellan) during its voyage from the Earth to
Venus, and the Soviet space station Salyut (BF Burke 1984).

Following the demise of the L-Sat communications link initiative, European
and American radio astronomers initiated discussions for a joint earth-space in-
terferometry program at a VLBI meeting held in Toulouse, France, in the summer
of 1982 (Preston et al. 1982). Studies supported by ESA and NASA defined a mis-
sion known as QUASAT (Schilizzi 1988b) to place a 15-m antenna in orbit about
20,000 km above the surface of the earth to give a resolution better than 0.0001
arcsec at the shortest operating wavelength of 1.3 cm. More than 80 scientists from
12 countries participated in a meeting held in Austria in June 1984 to further define
the mission (WR Burke 1984). However, following several years of study in both
Europe and the United States, the estimated cost exceeded the available funds, and
QUASAT was not considered for further development.

Later, a group of radio astronomers, led by Richard Schilizzi, proposed a more
ambitious mission to ESA, known as the International VLBI Satellite (IVS). The
IVS mission was based on a 25-m antenna capable of working at short millimeter
wavelengths. It was to be launched by the Russian Energia rocket to fly in 3
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different orbits ranging from 20,000 to 150,000 km (Pilbratt 1991). IVS studies
were undertaken by ESA, the Soviet Academy of Sciences, various industrial
contractors, and radio astronomers from Europe and the United States. However,
like QUASAT and its predecessors, IVS was never funded, although many of the
concepts developed for QUASAT and IVS formed the basis for the later successful
Japanese VSOP mission.

In 1986, radio astronomers and engineers at JPL, together with a worldwide
network of collaborators, made successful earth-to-space VLBI observations using
a 4.9-m antenna on NASA'’s Tracking and Data Relay Satellite System (TDRSS).
The TDRSS observations were made at 13 cm (Levy et al. 1986, 1989) and at 2 cm
(Linfield et al. 1990). For some sources, brightness temperatures in excess of
10" K were established. Because of pointing restrictions, the maximum projected
baseline were only 2.1 Earth diameters. To maintain coherence between the ground-
based and space-based antennas, a combination of delay-Doppler and round-trip
phase comparison was used to determine the instantaneous position of the moving
satellite to within a fraction of a wavelength, el cm. The achievement was
especially remarkable considering that the VLBI application of the TDRSS was
developed only after the satellites were launched, so that no hardware modifications
to the spacecraft were possible.

4.6.3. RADIOASTRON AND VSOP In 1985, at a meeting to discuss QUASAT in
Budapest, Nickolai Kardashev reported that Soviet radio astronomers were plan-
ning a space VLBI mission, known as RadioAstron (Andreyanov et al. 1986). The
Soviet plans for a 10-m telescope working at 1.3, 6, 18, and 90 cm were discussed
more broadly at IAU Symposium No. 129 held in Cambridge, MA in May 1987
(Kardashev & Slysh 1988). Following the cancellation of QUASAT, RadioAstron
appeared as the only opportunity for space VLBI, and the international radio as-
tronomy community joined forces behind the Soviet initiative to build receivers
for the RadioAstron spacecraft. A 6-cm receiver was built in the Netherlands and
Germany, an 18-cm receiver in Australia, and a 90-cm receiver in India. US radio
astronomers proposed to supply the 1.3-cm receiver, which would give the best
resolution, but NASA did not obtain the necessary export license, and the 1.3-cm
receiver was ultimately built in Finland, with the “cooperation” of American radio
astronomers. When first discussed in 1985, RadioAstron was being prepared for a
launch in 1988. However, owing first to competition from other Soviet space pro-
grams and later to the deteriorating economic conditions in Russia, the advertised
launch date has remained about 5 years away for more than a decade.

In 1987, Japanese radio astronomers announced their plans for the VSOP (VLBI
Space Observatory Project) satellite with planned operation at 1.3, 6, and 18 cm
(Hirabayashi 1988). VSOP, later known as HALCA, was launched in 1997 with
an apoge of 21,400 km and perigee of 560 km above the Earth’s surface. The
10-m-diameter antenna aboard HALCA has been in regular use at 6 and 18 cm in
combination with the VLBA, EVN, and Australian radio telescopes for a variety of
continuum and OH maser observations (Hirabayashi et al. 1998). Four ground
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stations around the world provide the local oscillator reference, receive and record
the IF signal transmitted from the satellite, and provide the spacecraft data to
determine the accurate orbit parameters needed to obtain interference fringes.
Unfortunately, the 1.3-cm receiver was damaged at the time of launch and has
not produced any useful results. At 6 cm, the earth-to-space baselines are only
comparable with the VLBA alone at 2 cm, but with considerably less sensitivity
and poorer coverage of the Fourier transform plane. The scientific returns from
VSOP have therefore been more limited than expected, but the mission has served
to validate the technology and to pave the way for future space VLBI missions.
Although the resolution of radio interferometers can be improved less expen-
sively by working at shorter wavelengths on the ground than by placing one of
the elements in space, there are several unique advantages of space &JLBI: (
the observations of OH, 40, and other maser sources must be made at the fixed
transition wavelength, so the only way to improve the resolution is to use longer
physical baselinesbj for ground-based interferometers, the mutual sky visibility
at the two ends of the interferometer becomes limited for baselines more than a few
thousand kilometersg) the motion of the satellite along its orbit and the preces-
sion of the orbit provides a denser coverage of the Fourier transform plane than can
be obtained with any reasonable configuration of ground antennas afijribe(
increased angular resolution at longer wavelengths provides resolution-matched
imaging of the shorter wavelength ground-based VLBI imagg$o( a given flux
density, the measured brightness temperatugeisTproportional only to X/6)2.
Because the resolutios, is proportional to./D, the maximum brightness tem-
perature that can be measured interferometrically depends only on the flux density
and baseline length. Coincidentally, for a typical flux density of a few Janskys, an
earth-sized baseline can just barely resolve a source at the inverse Compton cooling
limit of 1012K (Kellermann & Pauliny-Toth 1969). Baselines significantly greater
than an Earth diameter are needed to determine if there are sources that exceed the
inverse Compton limit. The TDRSS (Linfield et al. 1989) and HALCA (Bower &
Backer 1998) observations suggest brightness temperatures approaching or even
exceeding the limiting value of 10K expected from incoherent synchrotron radia-
tion from a stationary cloud of relativistic electrons. Such superbright sources may
be expected if relativistic beaming is important, if the source is not in equilibrium
(e.g., Slysh 1992), if the radio synchrotron emission is from relativistic protons
rather than electrons, or if the radio emission is due to some coherent process.
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5. IMAGE ENHANCEMENT IN RADIO ASTRONOMY

Due to their great efficiency, interferometric arrays have become the instrument
of choice for high-resolution studies in radio astronomy. Because all of the field-
of-view determined by the primary beam of the individual antennas is observed
all the time, they are superior to single large-aperture telescopes that rely on raster
scanning. In the radio domain, where the signals can be amplified before division,
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the sensitivity loss that occurs in the optical regime, owing to signal division, does
not apply. Hence, the sensitivity and speed of an array increases greatly with the
number of elements in the array.

The fundamental ideas that have had the most influence on the restoration of
radio images are CLEAN, phase closure, self-calibration (of which phase and
amplitude closure are fundamental components), and mosaicing. We discuss these
developments primarily in a historical context. More comprehensive treatments
are given by Pearson & Readhead (1984), by Thompson et al. (2001), and in the
proceedings of NRAO summer schools edited by Perley et al. (1989), Cornwell &
Perley (1991), Zensus et al. (1995), and Taylor et al. (1999). The connection with
techniques of adaptive optics is described by Cornwell (1989).

5.1. CLEAN

The early interferometry data of radio sources were often interpreted by means
of simple model fitting to a small number of Gaussian components. The initial
selection of parameters (position, peak intensity, and angular size of each compo-
nent) was done by inspection of the fringe visibility data for locations of maxima
and minima (e.g., Rowson 1963). Final parameters were estimated by a nonlinear
least-squares analysis.

In principle, if observations with an interferometer are made at uniform spacings
corresponding to the diameter of the individual antenna elemdntsut to a
maximum dimensiorD), then the entire field of view of size/d can be synthesized
at a resolution of./D. The response to a point source, or point spread function, is
the usual form described by &) /xfunction, wherex = 20 D/A. The sidelobes of
the point spread function can be reduced to an arbitrarily low level by application
of appropriate weighting or apodizing functions to the visibility data. In actual
practice, the coverage of the projected baseline) (plane is very incomplete.
Whereas the resolution is set by the longest spacing, the sidelobes can be very
strong and widespread, depending on the distribution of the missing spacings.

Jan Higbom (1974) conceived an ingenious scheme to remove the deleterious
effects of missing spacings, based on the idea that the image can be approximated
as a collection of Gaussian components. While working on the design of the
Westerbork Array in Leiden, he developed the algorithm, called CLEAN. CLEAN
is implemented in the following way. The point spread function, called the dirty
beam, is calculated from theu,y) plane coverage of the interferometer for a
specific set of observations. The dirty image is obtained by direct Fourier trans-
formation of the (,v) data. The brightest pixel is found in the dirty image, and
a scaled replica of the dirty beam is subtracted from it. The process is continued
until a desired residual noise level is achieved in the dirty image. The CLEAN
image consists of the collection of delta functions built up from the point source
subtractions. This image is usually convolved with a Gaussian restoring beam of
half-power widthi /D, with the residuals from the dirty map added. The process
converges for almost all source distributions as long as the process is carefully
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monitored and the loop gain in the iteration cycle is kept small. Restoring beams
of resolution finer than /D are sometimes attempted but generally do not produce
desirable results.

CLEAN presupposes that the sky is composed of, or can be approximated by,
point sources. It has worked well in radio astronomy, although concerns persist
about the uniqueness of CLEAN images. However, in the absence of digitization
errors, the Fourier transform of the CLEAN image agrees with the visibility func-
tion at the points where it is measured when the effect of the convolving beam
is taken into account (Schwarz 1978). CLEAN produces a specific interpolation
of the visibility function at (,v) points where no data are available. Substantial
effort has been invested in producing computationally economic implementations
of CLEAN (e.g., Clark 1980), and some version of the CLEAN algorithm is
routinely used in the processing of schemes for all modern synthesis arrays.
An example of a CLEANed image is shown in Figure. 2 related problem
in optical astronomy is that of photometry in crowded fields such as those of
unresolved stars in globular clusters. The advent of linear photometric detec-
tors has stimulated the development of analysis algorithms such as DAPHOT
(Stetson 1987) and DoPHOT (Schechter et al. 1993). These algorithms are similar
to CLEAN in that stellar images are iteratively subtracted by use of empirically
derived point spread functions.

CLEAN is related to the Lucy-Richardson algorithm (Lucy 1974, Richardson
1972) widely used in optical and infrared astronomy. However, the latter is speci-
fically based on the assumption of Poisson noise in the image. Both are examples
of a more general technique of image restoration known as the method of convex
projections (e.g., Stark 1987). Other deconvolution schemes, such as the maximum
entropy method, have been effectively adapted for use with radio interferometry
data (Gull & Daniell 1978, Narayan & Nityananda 1986). Cornwell et al. (1999)
have compared the performance of CLEAN and the maximum entropy method.

5.2. Self-Calibration

The reconstruction of celestial images by calculating the Fourier transform of the
fringe visibility requires the accurate measurement of the phase as well as the am-
plitude of the complex visibility function. The early interferometer observations at
Caltech were made at relatively short decimeter wavelengths, where the instrumen-
tal phase stability was inadequate to accurately reconstruct the source brightness
distribution or to determine accurate source positions. It therefore became com-
mon practice at Caltech to refer the measured phases to nearby calibration sources
with accurately known positions. In this way, it was possible to maintain sufficient
phase information to determine relative radio source positions to an accuracy of
a few arcseconds (Read 1963, Fomalont et al. 1964, 1967) and to recover their
brightness distribution (Maltby & Moffet 1962). With time, instrumental phase
stability improved, but as observations moved to shorter and shorter wavelengths,
atmospheric phase fluctuations became an important source of error, and it was
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natural to use the same procedure of phase referencing to remove these atmo-
spheric phase errors (see e.g., Carilli & Holdaway 2000). By contrast, however,
the instrumental phase fluctuations in the Cambridge One-Mile Radio Telescope
were small, and it was able to track a source continually for 12 hours and produce
an image shortly after completion of the observations. Thus, Cambridge workers
were slow to appreciate the power of phase referencing to remove atmospheric
errors, and as late as 1971 Hinder & Ryle (1971) remarked that irregularities in
the troposphere with size scales of the order of 1 km would limit the resolution of
radio telescopes to 0.1 to 1 arcsec.

Even with phase referencing, however, there are small errors introduced by
any instrumental or atmospheric phase fluctuations that are different along the
direction of the calibrator and target source. In practice, even after CLEANing,
residual phase and amplitude errors in the measured visibility limit the dynamic
range to about 1000:1 (see e.g., Perley et al. 1989).

In the case of the early VLBI observations, the situation was much worse.
Although atomic frequency standards had sufficient stability to give interference
fringes, they were not sufficiently stable to determine their phase. The analysis
of multi-element VLBI observations of fringe visibility amplitude gave simple
models of compact radio sources, and the absence of phase information led to the
perception that VLBI observations could not make “proper images.”

A method that removes the effects of instrumental and atmospheric phase and
amplitude variations, generally called self-calibration, has had a revolutionary
impact on high-resolution radio imaging, especially from VLBI data. The key idea
is that of phase closure, which was first appreciated by Jennison (1951) in his
PhD thesis and fully described later (Jennison 1958). The concept is quite simple.
Consider athree-element interferometer and an observation of a point source in the
absence of instrumental errors. The fringe phase on each of the three baselines is
(27/)) Dj - S, whereDj is the baseline vector linking antenriasdj andSis the
unit vector in the direction of the source. Because the sum of the three baseline
vectors is zero, the sum of the three interferometer phases must also be zero.
Now consider a perturbation to the interferometer phases generated by a change
in signal phase at one antenna. This might be caused by the passage of a cloud
in front of the antenna or a fluctuation in its local oscillator phase. This phase
will be impressed on the interferometer phases of the two baselines that link this
antenna, but with opposite signs. Hence, the closure phase remains unaffected. If
a resolved source is observed, then the relation between the visibility pHgses,
and the measured phaseg,is ¥ 12+ V¥ 23+ Y31 = @12+ @23+ @31, because any
station-dependent instrumental phases are eliminated. Hence, the closure phase
gives an accurate measure of the sum of the three visibility phases, unaffected by
any phase errors introduced at the individual antennas. Baseline-dependent errors,
which are much less important, are not removed by this process.

Later, Twiss et al. (1960) conceived a similar closure relation for amplitudes,
which requires four antennas, although some relevant ideas were introduced even
earlier by Smith (1952b). If the individual antennas are affected by voltage gain
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uncertainties, gthen the quantity formed from the measured visibility amplitudes,

Ajj, (A = gig V), namely, A>Azs/(A13A24), is independent of the gain uncertain-

ties because the tactors divide out. Twiss et al. (1960) used both amplitude and
phase closure to obtain error-free information about the fringe visibility. However,
little attention was paid to the work of Jennison and Twiss et al, probably because
of the rapid development of interferometers with stable electronic components
that operated at wavelengths at which atmospheric fluctuations were not a major
problem. One exception was a paper by Rogstadt (1968), which generalized the
three-antenna phase closure relation to larger arrays and discussed applications
to optical interferometry and adaptive optics. VLBI data were severely affected
by phase noise problems induced by the atmosphere and by the frequency stan-
dards, to such an extent that phase was considered useless in most imaging situ-
ations. Rogers et al. (1974) rediscovered the “phase closure” relation and gave
it the name. Both they and Fort & Yee (1976) applied it in a limited context to
recover VLBI images.

Interestingly, the equivalent concept of phase closure was discovered by X-ray
crystallographers in the mid-1950s and called the method of structural invariance
(see Hauptman 1986, 1991). In crystallography, although only the amplitude of
the diffraction pattern created by an electron distribution can be measured, the
phase can be recovered from the constraints of nonnegativity and atomicity of
the distribution. The process of solving a system of equations involving structural
invariants, which are insensitive to the unknown coordinate origin of the crystal, in
order to determine the electron distribution, exactly parallels the process of solving
phase closure relations to determine the intensity distribution of an astronomical
source.

The first systematic use of the phase information to obtain diffraction-limited
images with VLA and VLBI data was by Readhead & Wilkinson (1978) and
Cotton (1979), who combined the phase closure relations with CLEAN. This
was extended to both amplitude and phase closure by Readhead et al. (1980)
in a technigue known as hybrid mapping. The basic problem is that while each
measurement with an N element array produces N(IN)/2 visibility measure-
ments, there are only (N 1)(N — 2)/2 independent phase closure relations and
N(N — 3)/2 independent amplitude closure relations. There are not enough clo-
sure relations to solve uniquely for the true visibilities. However, for large ar-
rays, a large fraction of the phase and amplitude information is available, namely
(N — 2)/N and (N— 3)/(N — 1), respectively. Additional information in the
form of approximately N phases and amplitudes (a complex instrumental cali-
bration for each antenna) must be independently supplied. The early applications
of imaging algorithms supplied the missing visibility information from an ini-
tial model or from a guess. The image constructed by solving for the remaining
visibilities, taking a Fourier transform and applying the CLEAN algorithm, were
constrained by conditions such as nonnegativity and finite extent, leading to an
improved image model. The process was iterated and usually converged after a few
cycles.
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With the completion of the 27-element (351 baselines) VLA, Schwab (1980)
and Cornwell & Wilkinson (1981) focused their attention on the need to
associate instrumental errors with antennas rather than with baselines. This led
to a generalization of hybrid mapping techniques known as self-calibration, which
is equivalent to hybrid mapping but more convenient to implement for arrays
with a large number of elements. With large arrays such as the VLBA (10
antennas) and the VLA (27 antennas), about 80% and 92% of the closure infor-
mation is available, respectively, and the self-calibration procedure nicely con-
verges to produce images with spurious responses less than 0.1%. The basic
requirement of the self-calibration method is that the source be detectable within
the coherence time of the interferometer to allow the closure relations to be
solved. Point sources in the field are not required, but sufficient compact struc-
ture must be present to produce detectable fringes on baselines linking all
antennas. With this condition, the interferometer operates effectively as a fully
coherent instrument for an indefinite integration time and produces images that
are essentially fully corrected for atmospheric and instrumental station-dep-
endent errors. An example of images made with these techniques is shown in
Figure 2. The only notable limitation is that the absolute amplitude calibration
and positional registration of the image are lost through the use of the closure
conditions and must be obtained by other methods. Figure 3 illustrates the flow
of ideas leading to the development of self-calibration, as described by Ekers
(1983).

Although self-calibration corrects for the phase errors that are due to instrumen-
tal or atmospheric effects, there has been a renewed interest in using nearby phase
calibration sources for VLBI, as was done in the early years of connected-element
interferometry. Only now, the emphasis is not on the measurement of the phase
but on extending the coherence time to improve sensitivity of VLBI to observe
very weak sources (Beasley & Conway 1995). This is particularly important for
millimeter wavelength VLBI in which the sensitivity is limited by receiver noise
and relatively small antennas and the coherence time is limited by fluctuations in
tropospheric propagation.

6. FUTURE GOALS

6.1. Millimeter and Submillimeter Interferometry

During this decade ground-based interferometry will be pushed to the atmospheric
limit of about 300um (1000 GHz). This effort will build on the experience with the
highly successful arrays that operate primarily between 1.4 mm and 3 mm at Hat
Creek, Nobeyama, Plateau deBure, and Owens Valley (Ishiguro & Welch 1994).
Preliminary interferometric measurements of a few radio sources with the James
Clerk Maxwell Telescope (JCMT) and the Caltech Submillimeter Observatory
(CSO) (150 m baseline) instruments have already been made at wavelengths as
short as 65Qum (460 GHz) (Lay et al. 1997). The submillimeter array of the
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Smithsonian Astrophysical Observatory and Academica Sinica of Taiwan (Moran
1998b) will begin operation on Mauna Kea in the next few years.

The Atacama Large Millimeter Array (Brown 2000), which will be the largest,
most expensive, and perhaps the most ambitious ground-based radio astronomy
instrument ever constructed, will be built by an international collaboration and will
consist of 64 or more antennas with more than 708@heollecting area spread
over 10 km and covering bands from 3aéh (900 GHz) tol cm (30 GHz). With
2016 baselines and a bandwidth of 8 GHz, divided into approximately 1 MHz
channels to achieve a spectral resolution of 1 km/s, the data rate into the digital
processor will exceed #®samples per second, and the output rate will exceed one
terabyte per day.

6.2. Focal Plane Arrays and Digital Processing

Throughout most of their history, radio telescopes have operated with a single feed
horn, thus generating one image pixel at a time. Recently, incoherent arrays of up
to 144 elements (Mauskopf et al. 2000) and arrays with heterodyne receivers of up
to 25 elements (Sunada et al. 2000) have been placed on single-dish instruments,
greatly increasing their throughput. The next logical step will be to place arrays of
feeds in the focal planes of interferometers to image many fields at once (Fisher &
Bradley 2000).
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At low frequencies, the goal will be to make the individual elements small.
Advanced digital processing techniques, using phased array technology and in-
terferometry, will allow large portions of the sky to be mapped at once with high
resolution. Because digital technology now handles rates of 1 Gigabit per sec
(Gbs), the concept of a normal heterodyne receiver will be replaced with a direct
conversion of the signal from analog to digital form.

6.3. Water Vapor Radiometry

The basic techniques for dealing with atmospheric phase fluctuations involve self-
calibration or the use of a nearby phase reference source. Another very promising
technique involves estimating the excess phase delay due to the atmosphere above
each antenna element from the sky brightness. The variable atmospheric delay,
as well as signal attenuation, is almost entirely due to the fluctuations in water
vapor, and these quantities are essentially proportional to each other. Hence, the
sky brightness is expected to be highly correlated with the phase delay. Tests
on millimeter interferometers show that the phase can be corrected, at least over
short periods, to an accuracy of at least 160 (e.g., Welch 1999). When this
technique is refined it will be possible to achieve nearly perfect coherence for
indefinite periods without the use of phase closure, which requires a minimum
signal-to-noise ratio, or the use of a phase calibration source, which usually is not
close enough in angle to the source under study to calibrate the phase (Carilli &
Holdaway 2000).

6.4. Real-Time Global Imaging and Other New Initiative

Amajor challenge for VLBI will be to discard the cumbersome tape recorders. They
will be replaced by magnetic disk storage devices and the fiber optic transmission of
data. The cost of disk storage devices is dropping dramatically and is now about $10
per gigabyte. Data storage, or buffering, on disks is expected to be less expensive
than on tape within a few years (A.R. Whitney, private communication). Data
can also be sent to the central correlator directly without buffering on dedicated
fiber optic lines or with buffering on a shared broadband fiber optic network. The
operation of such a real-time system has been demonstrated with the connection
of one of the VLBA antennas (Pie Town) to the VLA via a 105-km-long dedicated
fiber. There are plans to build eight new antennas for the VLA distributed around
New Mexico to increase the resolution by an order of magnitude and to fill in
the missing spacings between the VLA and the VLBA (Perley 2000). These new
antennas and eventually the entire VLBA will be interconnected by fiber.

Space VLBImissions being discussed by Russia (RadioAstron), Japan (VSOP2),
and the United States (ARISE) will extend the baselines beyond the limits of the
Earth’s diameter. In India, a novel construction technique has been used to build the
Giant Meter Wavelength Telescope consisting of 30 45-m-diameter fully steerable
dishes (Swarup et al. 1991). The Giant Meter Wavelength Telescope will offer a
powerful new facility for radio astronomy at wavelengths longer than 20 cm. An
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even more ambitious Low Frequency Array (LOFAR) is being planned by Dutch
and US radio astronomers, and there is activity around the world toward plan-
ning the next generation radio telescope, the Square Kilometer Array (SKA), with
an order of magnitude-greater collecting area than the Giant Meter Wavelength
Telescope.

6.5. Optical Interferometry

Many of the ideas discussed here, such as phase-closure and self-calibration, have
been recently adopted in optical interferometry, which has been developing at an
increasingly rapid pace (e.g., Shao & Colavita 1992, Reasenberg 1998, Lena &
Quirrenbach 2000). The concepts of phase-closure and self-calibration have been
used to produce images with the Cambridge Optical Aperture Synthesis Tele-
scope in the UK (Baldwin 1996) and the Navy Prototype Optical Interferometer in
Arizona (Armstrong et al. 1998). Many other instruments, such as the Very Large
Telescope Interferometer and the Keck Interferometer, are in operation or under
construction.
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